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1. Fluids Fundamentals

1.1 De®nitions

The branches of applied mechanics that study the behavior of ¯uids at rest or

in motion are called ¯uid mechanics and hydraulics.

Substances capable of ¯owing and taking the shape of containers are

called ¯uids. The following characteristics of ¯uids apply:

j Fluids can be classi®ed as liquids or gases.

j Liquids are incompressible, occupy de®nite volumes, and have free

surfaces.

j Gases are compressible and expand until they occupy all portions of

the container.

j Fluids cannot sustain shear or tangential forces when in equilibrium.

j Fluids exert some resistance to change of form.

1.2 Systems of Units

1.2.1 INTERNATIONAL SYSTEM OF UNITS
The fundamental units in the international system (SI) are meter (m), kilo-

gram (kg), and second (s), corresponding respectively to the following

fundamental mechanical dimensions: length, mass, and time. The unit of

force is the newton (N) derived from Newton's second law: force (N) � mass

(kg)� acceleration (m=s2). Therefore, 1 N � 1 kg �m=s2. Other units are m3

for unit volume, kg=m3 for unit density, joule (1 J � 1 N m) for work and

energy, and pascal (1 Pa � 1 N=m2) for pressure or stress. The temperature

unit is the degree Celsius (C) and the unit of the absolute temperature is the

kelvin (K).

1.2.2 BRITISH ENGINEERING SYSTEM OF UNITS
The fundamental units in this system (called the FPS system) are foot (ft),

pound (lb), and second (sec), corresponding to the length, force, and time

fundamental mechanical dimensions. Other units are ft3 for the unit volume,

ft=sec2 for unit acceleration, ft-lb for unit work, and lb=ft2 for unit pressure.

The unit for mass is called the slug. The slug can be derived from Newton's

second law applied for freely falling mass, namely weight (lb) � mass

(slugs)�g �32:2 ft=sec2. then, mass (slugs) � weight (lb)=g �32:2 ft=sec2).

Thus, 1 slug � lb-sec2=ft. The temperature unit is the degree Fahrenheit (F)

or, on the absolute scale, the degree Rankine (R).

1.3 Speci®c Weight

The weight of a unit volume of a ¯uid is called the speci®c or unit weight

denoted by g.
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The speci®c weight of liquids can be considered as constant for practical

applications, whereas the speci®c weight of gases can be calculated by using

the equation of state

pv

T
� R; �1:1�

where p is the absolute pressure, v the volume per unit weight, T the

absolute temperature, and R the gas constant. The gas constant is given by

R � R0

Mg
; �1:2�

where R0 is the universal gas constant and Mg the molar weight. If we

substitute v � 1=g in Eq. (1.1), the expression for the speci®c weight of gases

is obtained:

g � p

RT
: �1:3�

The units of g are lb=ft3 or N=m3.

1.4 Viscosity

The amount of resistance of a ¯uid to a shearing force can be determined by

the property of the ¯uid called viscosity. The Newtonian ¯uids are the ¯uids

for which there is a proportionality between the shear stress and the rate of

shear strain. The proportionality is given by

t � m
dV

dy
; �1:4�

where t is the shear stress, m the absolute or dynamic viscosity, V the strain,

dV =dy the rate of shear strain, and y the distance between two imaginary

parallel layers in the ¯uid, and the strain V is measured in between the layers

(Fig. 1.1). The units of m are Pa s or lb-sec=ft2.

Figure 1.1
Typical system

used to develop
the expression

for the viscosity
of a ¯uid.
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The coef®cient of kinematic viscosity is another viscosity coef®cient

de®ned as

n � m
r
� mg

g
; �1:5�

where m is the absolute viscosity and r the mass density. The units of n are

m2=2 or ft2=2.

Viscosities of liquids are not affected by the pressure changes but

decrease with an increase in temperature. The absolute viscosity of gases

increases with a temperature increase, but it is not affected by pressure

changes. For a constant temperature, the kinematic viscosity of gases varies

inversely with pressure, since the speci®c weight of gases changes with

pressure changes.

1.5 Vapor Pressure

The vapor pressure is the pressure created by the vapor molecules when

evaporation takes place within an enclosed space. It increases with tempera-

ture increase.

1.6 Surface Tension

The surface tension s is de®ned as

s � DF

DL
; �1:6�

where DF is the elastic force transverse to any element length DL in the

surface. The units of s are N=m or lb=ft.

1.7 Capillarity

If a segment of a capillary tube is submerged in a liquid, the liquid in the

capillary tube can rise or fall. This effect is called capillarity and is caused by

the surface tension. The rise or fall depends on the relative magnitudes of the

cohesion and the adhesion of the liquid to the walls of the capillary tube.

Liquids rise in the tube when adhesion is greater than cohesion and fall in the

tube when the cohesion is greater than adhesion. The capillarity is important

when the diameter of the tube is greater than 3
8 inch or 10 mm.

1.8 Bulk Modulus of Elasticity

The bulk modulus of elasticity E is de®ned as the ratio of the change in unit

pressure to the corresponding volume change per unit of volume and

expresses the compressibility of a ¯uid. E is given by

E � dp

ÿdv=v
: �1:7�
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The minus sign is inserted to give a positive value for E when the pressure dp

increases and the fractional volume dv=v decreases. The units of E are Pa or

lb=in2.

1.9 Statics

Pressure is perhaps the most used quantity in ¯uid statics. The ¯uid pressure

acts normal to any plane and is transmitted with equal intensity in all

directions. In a liquid, the pressure is the same at any point located on the

same horizontal plane. For the measurement of the pressure, various gages

above or below the atmospheric pressure are used. Vacuum is a term used to

indicate a space with a pressure less than atmospheric pressure. The average

atmospheric pressure, called the standard atmospheric pressure, is equal to

14.7 psi, 101.3 kPa, 760 mm of mercury, or 1 atmosphere.

The pressure can be expressed as

p � dF

dA
; �1:8�

where F is the force acting on a surface of area A. If F is uniformly distributed

over the area A, then

p � F

A
: �1:9�

The units of pressure are lb=ft2 �psf�, lb=in2 �psi�, or Pa �N=m2�.
Considering two points at different levels in a liquid, h1 and h2,

respectively, the difference in pressure between the points is given by

p2 ÿ p1 � g�h2 ÿ h1�; �1:10�
where g is the unit weight of the liquid and h2 ÿ h1 the difference in

elevation. Taking h1 � 0, that is, one point located at the surface of the

liquid, and assuming h2 � h is positive downward, Eq. (1.10) becomes

p � gh: �1:11�
The above equations are valid as long as g is constant. The elevation h in Eq.

(1.11) is also called the pressure head and represents the height of a column

of homogeneous ¯uid that will produce a given intensity of pressure.

Therefore,

h � p

g
: �1:12�

For small changes in elevation dh, Eq. (1.11) can be written as

dp � ÿgdh: �1:13�
The negative sign means that as h increases, being positive upward, the

pressure decreases.

There are two ways to express the pressure measurements, that is,

absolute pressure and gage pressure. Absolute pressure uses absolute zero as

its base. Gage pressure uses standard atmospheric pressure as its base. For
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example, if a ¯uid pressure is 3.8 kPa above standard atmospheric pressure,

its gage pressure is equal to 3.8 kPa and its absolute pressure is equal to

3:8� 101:3 � 105:1 kPa. A device for measuring atmospheric pressure is the

barometer. It consists of a tube more than 762 mm in length inserted in an

open container of mercury with a closed tube end at the top and an open

tube end at the bottom. The mercury extends from the container up into the

tube. At sea level, the mercury rises in the tube to a height of approximately

762 mm. The level of mercury rises or falls as atmospheric pressure changes.

Direct reading of the mercury level gives the pressure head of mercury,

which can be converted to pressure by using Eq. (1.11).

To measure the pressure of other ¯uids, devices such as piezometers or

manometers can be used.

1.10 Hydrostatic Forces on Surfaces

1.10.1 FORCE EXERTED ON A PLANE AREA
The force exerted by a liquid on a plane area is given by

F � ghcgA; �1:14�
where g is the speci®c weight of the liquid, hcg the depth of the center of

gravity of the area, and A the area. The line of action of the force passes

through the center of pressure, which is given by

ycp �
Icg

ycgA
� ycg; �1:15�

where Icg is the moment of inertia of the area about its center of gravity axis.

1.10.2 FORCE EXERTED ON A CURVED SURFACE
In this case, the hydrostatic force has a horizontal component and a vertical

component. The horizontal component on a curved surface is equal to the

normal force on the vertical projection of the surface. It acts through the

center of pressure for the vertical projection. The vertical projection is equal

to the weight of the volume of liquid above the area. The volume can be real

or imaginary. The vertical projection passes through the center of gravity of

the volume.

1.10.3 HOOP OR CIRCUMFERENTIAL TENSION
Hoop (circumferential) tension is produced by the exerted internal pressure

in the walls of a cylinder.

The longitudinal stress in thin-walled cylinders (t < 0:1; d , t is the wall

thickness, d the cylinder diameter) closed at the ends is equal to half the

hoop tension.

1.10.4 HYDROSTATIC FORCES ON DAMS
Some safety factors should be considered when one checks for dam stability.

The stability of the dam can be affected by the following factors:
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j Large hydrostatic forces that cause a tendency for the dam to slide

horizontally and overturn it around the downstream edge

j Hydrostatic uplift along the bottom of the dam caused by water

seeping under the dam

Thus, the safety factors are those against sliding and against overturning.

Also, the pressure intensity on the base must be checked.

1.11 Buoyancy and Flotation

Buoyancy and ¯otation are based on Archimedes' principle, which states

that the force, called the buoyant force, that lifts (buoys) upward a ¯oating or

submerged body in a ¯uid is equal to the weight of the ¯uid that would be in

the volume displaced by the ¯uid. In other words, there is a balance between

the weight of the ¯oating body and the buoyant force. The point located at

the center of gravity of the displaced ¯uid is called the center of buoyancy.

The buoyant force acts through this point.

Some buoyancy applications include determination of irregular volumes,

speci®c gravities of liquids, and naval architectural design.

To address the stability problem of submerged and ¯oating bodies, the

following principles apply:

j In order for a submerged body to be stable, the body's center of

gravity must lie below the center of buoyancy of the displaced liquid.

j In order for a submerged body to be in neutral equilibrium for all

positions, the body's centers of gravity and buoyancy must coincide.

j In order for a ¯oating cylinder or sphere to be stable, the body's

center of gravity must lie below the center of buoyancy.

j The stability of other ¯oating objects depends on whether a righting or

overturning moment is developed when the centers of gravity and

buoyancy move out of vertical alignment because of the changing of

position of the center of buoyancy.

1.12 Dimensional Analysis and Hydraulic Similitude

1.12.1 DIMENSIONAL ANALYSIS
The mathematics of dimensions of quantities is called dimensional analysis.

The physical relationships among quantities can be expressed by equations.

Within these equations, absolute numerical and dimensional equality must

exist. By manipulating the physical relationships, they can be reduced to

fundamental quantities, such as force F or mass M , length L, and time T . A

typical application includes the following items:

j Converting one system of units to another

j Developing equations
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j Reducing the required number of variables

j Establishing the principles of model design

1.12.2 HYDRAULIC MODELS
In general, hydraulic models can be either true models or distorted models.

True models have almost all characteristics of the prototype reproduced to

scale (geometric similitude) and ful®ll the design constrains (kinematic and

dynamic similitude).

1.12.3 GEOMETRIC SIMILITUDE
If the ratios of all corresponding dimensions in model and prototype are

similar, we say that geometric similitude exists. Examples of such ratios are

Lmodel

Lprototype

� Lratio or
Lm

Lp

� Lr �1:16�

and

Amodel

Aprototype

� L2
model

L2
prototype

� L2
ratio � L2

r : �1:17�

1.12.4 KINEMATIC SIMILITUDE
If

j The paths of homologous moving particles are geometrically similar

and

j The ratios of the velocities of homologous particles are equal

then we say that kinematic similitude exists. Examples of useful ratios are

Velocity
Vm

Vp

�
Lm

Tm

Lp

Tp

� Lm

Lp

� Tm

Tp

� Lr

Tr

�1:18�

Acceleration
am

ap

�
Lm

T 2
m

Lp

T 2
p

� Lm

Lp

� T 2
m

T 2
p

� Lr

T 2
r

�1:19�

Discharge
Qm

Qp

�
L3

m

Tm

L3
p

Tp

� L3
m

L3
p

� Tm

Tp

� L3
r

Tr

: �1:20�
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1.12.5 DYNAMIC SIMILITUDE
If the ratios of all homologous forces in model and prototype are the same,

than we say that dynamic similitude exists. The dynamic similitude exists

between systems with geometric and kinematic similitude.

Newton's second law of motion
P

Fx � Max forms a basis for the

required conditions for complete similitude. The forces in Newton's equation

can be viscous forces, pressure forces, gravity forces, surface tension forces,

or elasticity forces. The following relationship between forces acting on

model and prototype is obtained:P
ForcesmP
Forcesp

� Mmam

Mpap

: �1:21�

1.12.6 USEFUL RATIOS

Inertial force ratio:

Fr �
forcemodel

forceprototype

� Mmam

Mpap

� rmL3
m

rpL3
p

� Lr

T 2
r

� rr L2
r

Lr

Tr

� �2

Fr � rr L2
r V 2

r � rr Ar V 2
r : �1:22�

Equation (1.22) expresses the general law of dynamic similarity between

model and prototype, also known as Newtonian equation.

Inertia±pressure force ratio (Euler number):

Ma

pA
�

rL3 � L

T 2

pL2
�

rL4 V 2

L2

pL2
� rL2V 2

pL2
� rV 2

p
: �1:23�

Inertia±viscous force ratio (Reynolds number):

Ma

tA
� Ma

m
dV

dy

� �
A

� rL2V 2

m
V

L

� �
L2

� rVL

m
: �1:24�

Inertia±gravity force ratio:

Ma

Mg
� rL2V 2

rL3g
� V 2

Lg
: �1:25�

The square root of this ratio, V =
�����
Lg
p

, is known as the Froude number.

Inertia±elasticity force ratio (Cauchy number):

Ma

EA
� rL2V 2

EL2
� rV 2

E
: �1:26�

The square root of this ratio, V =
���������
E=r
p

, is known as the Mach number.
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Inertia±surface tension ratio (Weber number):

Ma

sL
� rL2V 2

sL
� rLV 2

s
: �1:27�

Time ratios:

Tr �
L2

r

nr

�1:28�

Tr �
������
Lr

Gr

s
�1:29�

Tr �
���������������
L3

r � rr

sr

r
�1:30�

Tr �
Lr�����
Er

rr

s : �1:31�

1.13 Fundamentals of Fluid Flow

Unlike solids, the elements of a ¯owing ¯uid can move at different velocities

and can be subjected to different accelerations. The following principles

apply in ¯uid ¯ow:

j The principle of conservation of mass, from which the equation of

continuity is developed

j The principle of kinetic energy, from which some ¯ow equations are

derived

j The principle of momentum, from which equations regarding the

dynamic forces exerted by ¯owing ¯uids can be established

1.13.1 PROPERTIES
Fluid ¯ow can be characterized as steady or unsteady, uniform or nonuni-

form, laminar or turbulent, one-dimensional, two-dimensional, or three-

dimensional, and rotational or irrotational.

If the direction and magnitude of the velocity at all points in the ¯uid are

identical, the ¯ow is called true one-dimensional. It is also acceptable when

the single dimension is taken along the central streamline of the ¯ow and

when the velocities and the accelerations normal to the streamline can be

neglected. For this case, the average values of velocity, pressure, and

elevation are used to model the ¯ow as a whole.

If the ¯uid particles ¯ow in planes or parallel planes and the streamline

patterns are identical in each plane, the ¯ow is called two-dimensional.

Irrotational ¯ow is that ¯ow in which no shear stresses occur. Therefore,

no torque exist, and thus the particles do not rotate about their center of

mass.
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1.13.2 STEADY FLOW
If the velocity of succesive ¯uid particle at any point in the ¯uid is the same at

successive moments of time, the ¯ow is called steady ¯ow. The velocity is

constant with respect to time �@V =@t � 0�, but it may vary at different points

or with respect to distance. The other ¯uid variables do not vary with time,

that is, @p=@t � 0, @r=@t � 0, @Q=@t � 0, etc. A steady ¯ow can be uniform or

nonuniform.

If the ¯uid variables change with time �@V =@t 6� 0�, the ¯ow is called

unsteady ¯ow.

1.13.3 UNIFORM FLOW
If the magnitude and the direction of the velocity do not vary with respect to

distance �@V =@s � 0�, the ¯ow is called uniform ¯ow. Therefore, the other

¯uid variables, such as y; p and Q, do not change with distance.

If the ¯uid variables change with distance �@V =@s 6� 0�, the ¯ow is called

nonuniform ¯ow.

1.13.4 STREAMLINES
The imaginary curves drawn through a ¯uid to show the direction of motion

for various sections of the ¯ow are called streamlines. The velocity vectors

are always tangent to the streamlines and, therefore, there is no ¯ow across a

streamline at any point.

1.13.5 STREAMTUBES
A group of streamlines that bound an elementary portion of a ¯owing ¯uid is

called a streamtube. For small cross-sectional areas of a streamtube, the

velocity of the center of the cross section can be taken as the average velocity

of the section as a whole.

1.13.6 EQUATION OF CONTINUITY
The equation of continuity is obtained from the principle of conservation of

mass. For steady ¯ow, the principle of conservation of mass becomes

r1A1V1 � r2A2V2 � const; �1:32�
or

g1A1V1 � g2A2V2; �1:33�
that is, the mass of ¯uid passing all sections in a stream of ¯uid per unit time

is the same. If the ¯uid is incompressible (g1 � g2), Eq. (1.33) yields

Q � A1V1 � A2V2 � const; �1:34�
where A1 and A2 are the cross-sectional areas of the stream at sections 1 and

2, respectively, and V1 and V2 are respectively the velocities of the stream at

the same sections. Commonly used units of ¯ow are cubic feet per second

(cfs), gallons per minute (gpm), or million gallons per day (mgd).
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For steady two-dimensional incompressible ¯ow, the continuity equation

is

An1
V1 � An2

V2 � An3
V3 � const; �1:35�

where An terms are the areas normal to the respective velocity vectors.

1.13.7 FLOW NETS
A ¯ow net consists of the following:

j A system of streamlines spaced so that the rate of ¯ow q is the same

between each succesive pair of lines

j Another system of lines normal to the streamlines spaced so that the

distance between normal lines equals the distance between adjacent

streamlines.

The ¯ow nets are drawn to show the ¯ow patterns in cases of two

dimensional and three-dimensional ¯ow. Although an in®nite number of

streamlines are required to completely describe a ¯ow under a given set of

boundary conditions, in practice, a small number of streamlines are used if

acceptable accuracy is obtained.

1.13.8 ENERGY AND HEAD
Three forms of energy are usually considered in ¯uid ¯ow problems, namely

potential, kinetic, and pressure energy.

Potential energy (PE) is the energy possessed by an element of ¯uid due

to its elevation above a reference datum (Fig. 1.2). PE is given by

PE � Wz ; �1:36�
where W is the weight of the considered element and z the distance where

the element is located with respect to the datum.

Figure 1.2
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Kinetic energy (KE) is the energy possessed by an element of ¯uid due

to its velocity. The following expression can be used to calculate KE:

KE � 1

2
mV 2: �1:37�

Here m is the mass of the element and V its velocity. If the mass m is

expressed as m � W =g, where g is the gravitational acceleration, Eq. (1.37)

becomes

KE � 1

2

WV 2

g
: �1:38�

Pressure energy or ¯ow energy (FE) is de®ned as the work needed to

force the element of ¯uid across a certain distance against the pressure. The

following expression applies:

FE � p A d : �1:39�
Here p is the pressure, A is the cross-sectional area, and d the distance over

which the work is done in moving the element of ¯uid. The term A d is in

fact the volume of the element, A d � W =g, where g is the speci®c weight of

the ¯uid. Therefore,

FE � p
W

g
: �1:40�

The total energy E is the sum of PE, KE, and FE, and from Eqs. (1.36),

(1.38), and (1.40), we obtain

E � Wz � 1

2

WV 2

g
� p

W

g
: �1:41�

Each term in Eq. (1.41) can be expressed in ft-lb or N m. In ¯uid mechanics

and hydraulic problems, it is customary to work with energy expressed as a

head, that is, the amount of energy per unit weight of ¯uid. The units for

head are ft-lb=lb or N m=N of ¯uid. Mathematically, these units are ft and m.

To express the total energy (E ) as a head (H ), Eq. (1.41) can be divided

by the weight of the ¯uid W , which gives

H � z � V 2

2g
� p

g
; �1:42�

where z is known as the elevation head, V 2=2g as the velocity head, and p=g
as the pressure head.

1.13.9 ENERGY EQUATION
The energy equation is derived by applying the principle of energy to ¯uid

¯ow. In the direction of ¯ow, the principle of energy is summarized by the

general equation

Energy section 1� Energy addedÿ Energy lostÿ Energy extracted

� Energy section 2: �1:43�
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For the case of steady ¯ow of incompressible ¯uids, Eq (1.43) becomes

p1

g
� V 2

1

2g
� z1

� �
� HA ÿ HL ÿ HE �

p2

g
� V 2

2

2g
� z2

� �
: �1:44�

This equation is known as the Bernoulli equation.

1.13.10 VELOCITY HEAD
The kinetic energy per unit weight at a particular point is called velocity head.

The true kinetic energy can be calculated by integrating the differential

kinetic energies from streamline to streamline and considering the kinetic

energy correction factor a. a is applied to the V 2
av=2g, and it is given by

a � 1

A

�
A

v

V

� �3

dA; �1:45�

where V is the average velocity in the cross section, v is the velocity at any

point in the cross section, and A is the area of the cross section. Studies

indicated that a � 1:00 for uniform distribution of velocity, a � 1:02 to 1.15

for turbulent ¯ows, and a � 2:00 for laminar ¯ow.

1.13.11 POWER
Power is given by the following relationships:

Power P � gQH � lb=ft3 � ft3=sec� ft-lb=lb � ft-lb=sec;

horsepower � gQH

550
;

or

P � N=m3 �m3=s� N �m=N � N �m=s � watts�W�:

2. Hydraulics

Hydraulic systems are installed because they enabled the designer to

signi®cantly magnify and=or transfer forces. Hydraulic components in

earth-moving machines allow relatively large forces to be applied at locations

remote from the engine with small additional weight and complexity. For

these machines, such as presses and mining machines, an engine-driven

pump powers the thrust cylinders and=or the torque motors at remote

locations under the control of a single operator at a central location.

2.1 Absolute and Gage Pressure

In order to select the proper pumps and reservoirs, the following quantities

are of interest:
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j Absolute pressure is that pressure measured with respect to an

absolute vacuum pressure

j Gage pressure is the difference in pressure between the pressure

being measured and the ambient pressure

The ambient pressure is assumed to be the atmospheric pressure. In general,

the atmospheric pressure at a particular location depends on the altitude and

the weather. It is assumed that the atmospheric pressure is 14.5 psi in the

English system of units and 1 bar �� 105 Pa� in the SI system.

The other units for pressure are psia, denoting the absolute pressure in

pounds per square inch, psig, denoting the gage pressure in pounds per

square inch, bar, denoting the gage pressure in SI units; and the height of a

water column or the height of a column of mercury that produces the

speci®ed pressure at its base. Henceforth, the height of a mercury column

will refer to the absolute pressure only.

Table 2.1 lists the conversion factors among several systems of units.

2.2 Bernoulli's Theorem

Bernoulli's theorem in its simplest form can be developed by applying the

conservation of energy in a nonviscous, incompressible ¯uid.

The kinetic energy of a volume of ¯uid of mass m moving with velocity v

is given by

KE � mv2

2
; �2:1�

and the potential energy is given by

PE � mgz ; �2:2�

where z is the elevation above a reference position, and g is the gravity

acceleration.

The pressure energy is

Pe � pV ; �2:3�

where p is the pressure and V is the reference volume.

Table 2.1 Equivalents between
Pressure Units

psia in H2O in Hg

1 27.7 2.04

0.49 13.6 1

0.036 1 0.073

14.7 407.2 29.9
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The total energy E of the reference volume of ¯uid is

mv2

2
�mgz � pV � EV : �2:4�

If we divide by the reference volume, V , Eq. (1.4) may be written as

rv2

2
� rgz � p � E ; �2:5�

where r � m=V is the density.

Equation (1.5) is valid for any points 1 and 2 of the circuit. Therefore,

r�v2
1 ÿ v2

2�
2

� rg�z1 ÿ z2� � p1 � p2 � 0: �2:6�

Equation (2.6) is the standard form of Bernoulli's theorem.

In the form given in Eq. (2.6), the pressure may be either gage pressure

or absolute pressure. The units, however, must be consistent. If g is in ft=s2,

then v must be in ft=s, p must be in lb=ft2, r must be in lb=ft3, and z must be

in ft. In the SI system if g is in m=s2, then v must be in m=s, p must be in

N=m2, r must be in kg=m3, and z must be in m.

This formula is particularly important in the design of hydraulic systems

because it clearly shows the relation between pressure and ¯ow velocity in a

hydraulic line. If one is increased, the other one should be decreased.

EXAMPLE 2.1 A pressure gage mounted at station 1 in a ¯uid line with an internal diameter

of 2.0 in reads 320.0 psig for a ¯uid ¯ow of 15.0 gpm (gal=min). The ¯uid is a

hydraulic oil of density 35:2 lb=ft3. It passes through a reducer to a pressure

hose with an internal diameter of 1.5 in, and to a gear motor of a robot arm

that moves 20 in above and below the level of station 2 as shown in Fig. 2.1.

Find the gage pressure at stations 2, 3, and 4. Energy losses at the reducer are

negligible. m

Solution

Using Eq. (2.6), we get

rv2
1

2
� p1 � rgz1 �

rv2
2

2
� p2 � rgz2;

where p1 � 320:0� 122 � 46;080 psfg.

Figure 2.1
Pressure line 1,
reduced section

2, and torque
motor at

position 3 and 4.
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The rate of change of volume @V =@t is denoted by _Q and is measured in

units of gallons per minute or liters per minute:

1 gallon �1 Gal� � 231 in3:

The velocities can be found by using

v1 �
_Q

A1

; v2 �
_Q

A2

; and v2 � v1

A1

A2

;

along with the numerical values for velocities,

v1 �
15�231�
60�12�3

�12�2
p�1:0�2 � 1:531 ft=s; v2 � 7:353

p�0:5�2
p�0:75�2 � 2:723 ft=s:

Since there is no change in elevation between stations (1) and (2), the z

terms cancel out in Eq. (1.6). Therefore, by solving Bernoulli's equation for p2

at station (2.2), we obtain

p2 �
r
2
�v2

1 ÿ v2
2� � p1

� 35:2

2�32:2� �1:5312 ÿ 2:7232� � 46;080 � 46;082:798 psfg � 320:018 psig:

Because of the elevation at station (3),

p3 � p2 � rg�z2 � z3� � 46;080� 35:2 0ÿ 20

12

� �
� 46;025:833 psfg

� 319:623 psig:

At station (4), the pressure is

p4 � 46080� 35:2
20

12

� �
� 46138:667 psfg � 320:407 psig: m

2.3 Hydraulic Cylinders

Some types of hydraulic cylinders are shown in Fig. 2.2. Types presented in

Figs. 2.2a and 2.2b are the most common. Since both cylinders have two

ports, one located at the head end and the other one at the cap end, the

difference between single acting and double acting cylinders is whether ¯uid

pressure is delivered under external control to both ends or to just one end.

The piston and the rod in the single-acting cylinder can be extended by

forcing the ¯uid in the port located at the cap end. To drain from that port, an

external force can be applied as the rod is retracted. The port at the head end

can be used to admit air or ¯uid as the rod is retracted. Single-acting cylinders

can also be retracted hydraulically and extended mechanically. Double-

acting cylinders have ports at each end of the cylinder and, thus, the piston

and rod can be moved hydraulically in either direction. The double rod

cylinder, shown in Fig. 2.2c, is a cylinder having a single piston and a piston

rod extending from each end. These types are used when the equality of

forces and speeds must be independent of travel direction. For the spring
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return cylinder shown in Fig. 2.2d, the returning to the initial position is due

to the spring force. In Figs. 2.2e and 2.2f are shown the tandem and duplex

cylinders, respectively, used for operation in two directions. A telescoping

cylinder is shown in Fig. 2.2g. Terminology for the major parts of a hydraulic

cylinder is shown in Fig. 2.3, where 1 is the cap end, 2 is the head end, 3 is

the piston rings, 4 is the piston rod, 5 and 9 are the ports, 6 is the cylinder

body, 8 is the rod gland seals, and 10 is the rod gland bushing.

If the inertial forces are high, the cap end of the cylinder undergoes a

shock when the piston and rod touch the cap. This shock can be reduced by

installing a hydraulic cushion as shown in Fig. 2.4. The hydraulic cushion

consists of a cushion spear, 10; a needle valve, 8; and a secondary drain line

Figure 2.2 Types of hydraulic cylinders.

Figure 2.3
Terminology

used for major
components of

hydraulic
cylinder.

576 Fluid Dynamics

Flu
id

D
yn

am
ics



from the needle valve. As the piston, 7, approaches the end cap, the tapered

portion of the cushion spear partially closes the larger port at the cap end and

slows the ¯ow from the cylinder, 3, thus decelerating the piston. When the

cushion spear ®nally closes the larger port, the draining of the remaining ¯uid

is slowed further and it is diverted through the small needle valve ori®ce. The

cushion sleeve 6 performs the same function at the head end 2. In Fig. 2.4, is

a check valve, and 9 is the ¯oating cushion bushing.

Let us consider two cylinders connected by a hydraulic line as shown in

Fig. 2.5, and let force F1 act upon cylinder 1. If the cross-sectional area of the

piston is A1, the pressure required in the ¯uid to hold piston 1 in equilibrium

is

p1A1 � F1: �2:7�
The force needed to hold piston 2 in equilibrium is given by �p1 � p2 � p�

p1A2 � F2; �2:8�
since the pressure is unchanged throughout a stationary ¯uid.

Upon elimination of p between Eq. (2.7) and Eq. (2.8), it is found that

F2 �
A2

A1

F1: �2:9�

Figure 2.4
Hydraulic
cylinder.

(a)Cushion
sleeve to cushion

motion toward
the head end;

cushion spear for
motion toward

the cap end. (b)
Varieties of

cushion spears.
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If force F2 moves piston 2, then piston 1 must also move if none of the

incompressible ¯uid leaves or enters the system. If no energy is lost, the work

done by piston 2 must be equal to that done by piston 1. Thus,

F1x1 � F2x2; �2:10�

where x1 and x2 denote the displacements of pistons 1 and 2, respectively.

Substituting F2 in Eq. (2.10) from Eq. (2.9) yields

x1 �
A2

A1

x2: �2:11�

The increased force on piston 1 is obtained at the expense of increased

motion of piston 2. Equation (2.9) will not hold during motion because of

pressure loss in the hydraulic lines and cylinders. That fact will be discussed

in the following sections. However, Eq. (2.9) does hold once the pistons and

¯uid come to rest. Equation (2.10) is an approximation to the actual motion

and force relations because of energy losses due to viscosity and turbulence.

These losses are usually negligible, when compared to the energy being

transmitted from cylinder to cylinder.

2.4 Pressure Intensi®ers

In Fig. 2.6 is shown a pressure intensi®er, also known as an intensi®er. In the

®gure, 1 is the inlet port, 2 and 3 are the outlet ports, and 4 is the cylinder

house. The pistons in the two cylinders of different diameters are connected

mechanically. Since the forces on the two pistons are equal, it follows that if

they are held in equilibrium by the pressurized ¯uid in each cylinder, the

pressures must be related according to

p1A1 � F1 � F2 � p2A2; �2:12�

Figure 2.5
Simple hydraulic
system to show
force, area, and

cylinder
displacement

relations.
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so that

p2 � p1

A1

A2

�2:13�

holds in the steady-state condition, that is, when the pistons are not

accelerated or decelerated.

2.5 Pressure Gages

The pressure gages on machines are either mechanical or electrical.

The Bourdon gage, shown in Fig. 2.7, works on the principle that

pressure in a curved tube will tend to straighten it. Thus, as shown in the

®gure, pressure acts equally on every square inch area in the tube, 1. Since

the surface S1 on the outside of the curve is greater than the surface area S2

on the shorter radius, the force acting on S1 is greater than the force acting on

S2. When the pressure is applied, the tube straightens out until the difference

in force is balanced by the elastic resistance of the material of the tube. The

tube is bent into a circular arc and it becomes oval in cross-section. There-

fore, it tends to straighten more easily under pressure. The tube works by

differential areas, since the area on which the pressure acts outward is greater

than the area on which the pressure acts inward. The open end of the tube

passes through the socket 2, which is threaded so that the gage can be

screwed into an opening in the hydraulic system. The closed end of the tube,

9, is linked to a pivoted segment gear, 3, meshed with a small gear, 4, to

which a pointer, 5, is attached. Beneath the pointer there is a scale, 6, reading

in pounds per square inch. The gage is calibrated against known pressures to

ensure accurate readings. Under pressure the tube tends to straighten and the

segment moves around its pivot, 8, rotating the gear and the pointer. The

pointer assembly is usually pressed on the shaft in such manner that it is

removable for resetting when the gage is calibrated against a master unit.

Electronic pressure indication may be obtained by means of a piezoelectric

sensor that transforms a pressure-induced force into an electric charge that is

electronically transformed by a coupler into a voltage that is proportional to

the pressure. The active element in a piezoelectric sensor is the piezoelectric

Figure 2.6
Schematic of a

pressure
intensi®er.
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crystal, whose structure causes it to produce opposite electrical charges on its

upper and lower surfaces when it is subjected to a compressive force

perpendicular to those surfaces.

2.6 Pressure Controls

The ®rst hydraulic component in the pressure line is a unit designed to

control and protect the pump and drive unit from damage due to over-

pressurization. This unit is called the pressure control valve. The most

commonly used overload protectors or system pressure control valves are

either simple direct-pressure-operated or more elaborate compound or pilot-

operated relief valves. Although the basic functions of both types are similar,

the methods and limits of operation vary considerably.

2.6.1 DIRECT-OPERATED RELIEF VALVES
Three types of simple direct-operated relief valves are shown in Fig. 2.8. An

adjustable spring force on the disk (Fig. 2.8a), cone (Fig. 2.8b), or ball (Fig.

2.8c), seals the inlet from the outlet as long as the inlet pressure cannot

overcome the spring force. The effective area for each type is denoted by A.

The area A multiplied by the system pressure gives the force that pushes

against the spring force that holds the valve closed. The conditions discussed

at this point indicate only the pressure at which the valve begins to open or

crack: To fully relieve the system pressure, we must provide for a volume of

¯ow through the relief valve. At the cracking pressure, a highly restricted and

very minor ¯ow is allowed. Since the pressure is a result of the resistance to

the ¯ow, the system pressure will continue to rise after the cracking pressure

Figure 2.7
Major parts for
Bourdon tube

gage.

580 Fluid Dynamics

Flu
id

D
yn

am
ics



is reached. It will rise until the valve opening is large enough to allow

suf®cient decrease in ¯ow resistance to the lower system pressure up to the

desired level. At this point, the relief valve is said to operate at its full-¯ow

pressure. The spring rate (the action of the spring) will further complicate the

opening of the valve. As the valve seat cracks, the upward movement will

compress the spring. Any upward movement of the valve will produce

further spring compression and, thus, will increase the mechanical resistance

of the valve until it is fully open. It will thus be faced with a full-¯ow pressure

setting well above our cracking pressure setting and will attain a condition of

pressure override. Protection of the system requires that the full-¯ow pressure

setting be the one used. As a result, because of the cracking the oil leaks into

the return or into the outlet line, decreasing the effective available volume to

a point below the actual system relief setting. It is not uncommon for direct-

acting relief valves that cracking occurs at a pressure value less than 80% of

the full-¯ow pressure setting of the valve. Therefore, the full pumped volume

is available only if the system pressure is less than 80% of the maximum

operating pressure.

Figure 2.8
Types of simple
direct-operating
relief valve. (a)

Direct-acting
relief valve with
disk poppet; (b)

direct-acting
relief valve with

cone poppet; (c)
direct-acting

relief valve with
ball poppet.
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Direct-operated relief valves show a de®nite tendency to open and close

rapidly, or chatter, owing to pressure pulsations. As a result system pressure

variations may exist. In the process of chattering, the valve seal parts are

rapidly damaged to the point that they will constantly leak, producing erratic

control.

Figure 2.8a shows a very poor design. The ¯at surface is prevented from

sealing by the slightest bit of contamination, thus giving very poor control.

Figures 2.8b and 2.8c show examples of practical sealing methods. The

tapered or rounded surface of the valve, by seating on the sharp edge of the

ori®ce, will seal very well with minor wear on both parts. Hardening by heat

treatment, the valve or the seat or both will extend the valve's life.

Direct-operated relief valves are considered to be fail-safe. Worn or

broken parts allow excessive leakage, causing the pressure loss. In all three

illustrations (Fig. 1.8), the valve area is denoted by B and, above the sealing

point, it is considerably larger than the effective opening area denoted by A.

Since area B is greater than area A, any pressure at the outlet port will be

ampli®ed by the ratio of area B to area A. This ratio must be added to the

spring setting of the valve.

2.6.2 DIRECT-OPERATED SPOOL-TYPE PRESSURE CONTROLS
An improved design of the direct-operated relief valve is illustrated in Figs.

2.9a±2.9c. Instead of using the cone, ball, or disk shown in Fig. 2.8, a closely

®tted spool is considered to open and close the outlet port of the valve. The

sealing method employed in this type of pressure control valve is the same as

that used for the spool-type, directional control valves on most hydraulic

systems. The adjustment of the cracking pressure is accomplished by

increasing or decreasing the compression of the spring, 3. The system

pressure is piped into either port marked A and is transmitted to piston 2

via chamber C . As the system pressure on piston 2 exceeds the spring

force 3, the spool 1 will move up and allow a ¯ow of oil from inlet to

outlet.

The pressure control characteristics of this valve will be very similar to

those found with the simple direct-operating valve: a cracking pressure, a

full-¯ow pressure, and, owing to the spring rate, a certain amount of pressure

override. There may also occur the action termed ``chatter'' in the description

of the simple direct-acting relief valve. However, this open-and-close move-

ment with a spool-type valve will not damage the valve sealing surface. This

action with a spool-type valve will be referred to as a throttling action. The

spool may consistently vary the size of the outlet opening that is exposed to

the pressure chamber and thus relieve or bypass only as much oil as is

required to reduce the system pressure to the adjusted level. In the event the

system pressure continues to rise, the spool will cease to throttle and assume

the full-open position. At this point, the full-¯ow pressure condition of the

valve occurs.
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The life of the spool-type valve is superior to the life of the simple direct-

operated valve. This is due to the decrease in wear on the sealing surfaces.

The control action is also softer or cushioned. Figures 2.9a to 2.9c are referred

to as hydro-cushioned valves, indicating a soft or cushioned action. This type

of valve is designed with the piston 2 having an area equal to one-eighth the

area of the main valve spool. This feature allows the control spring 3 to be

much smaller and more sensitive than found in simple direct-operated

valves. It also allows much larger volumes to be ef®ciently handled without

the undesirable, erratic, and cumbersome springs needed for the simple

direct-acting type. Opening and closing pressures are much closer. Pressure

override is generally due to the spring rate encountered by continued

compression of the adjustment spring as the spool moves upward to open

the outlet port.

Figure 2.9
Spool-type relief

valve shown
(a) closed;

(b) throttled;
(c) fully open.
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The spool-type valve may be controlled remotely. Figures 2.10a to 2.10c

show the methods of remote control connection. In Fig. 2.10a, the bottom

cap containing piston 2 is 180�. As a result, chamber C is no longer open to

the inlet chamber A. Chamber C is now connected to a remote source of

pressure. The remote pressure will now control the valve exactly as

described in Fig. 2.9 when the system inlet pressure is the controlling

medium. In Fig. 2.10b the control piston 2, shown in Fig. 2.10a, has been

removed. The discussion of Fig. 2.9 indicated that piston 2 has an area equal

to one-eighth of the bottom of spool 1. With the arrangement shown in Fig.

2.10b, a remote pressure that is one-eighth of that required in Fig. 2.10a

causes the system in Fig. 2.10b to operate. If the system of Fig. 2.10a operates

at 800 lb=in2, the system of Fig. 2.10b requires only 100 lb=in2 to operate. The

ratio of areas inversely affects the pressure at which the spool operates. The

greater the effective area, the lower the pressure needed to move the spool.

Figure 2.10c, by the addition of chamber F , allows independent opera-

tion of the valve as Fig. 2.10a or Fig. 2.10b without mutual interference.

Figure 2.10
Spool-type relief
valve controlled

remotely.
(a) high

pressure; (b) low
pressure;
(c) dual
pressure.
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Because of this feature, this valve is a relief valve that operates at two

different pressures. It can be controlled from two remote and independent

sources. Note that, in order to operate this type of valve as shown in Figs.

2.10b and 2.10c, the internal drain ori®ce D in Fig. 2.10a is not used. The

cushion of spool 1 can still be achieved by the oil from the remote valve-

operating source.

2.6.3 SEQUENCE VALVES
Figure 2.11 shows a valve unit adapted for pressure control of hydraulic

actions so that one function cannot be exerted until the pressure of another

function has reached a predetermined value. When performing in such a

manner, the valve is called a sequence valve. Sequence valves must all be

externally drained, since the system pressure is available at the outlet. The

only difference between the valves shown in Figs. 2.11a and 2.11b is the

method of valve actuation. The valve in Fig. 2.11a is directly operated by the

system pressure at the inlet port of the valve, whereas the valve in Fig. 2.11b

is adapted to be operated remotely by a pressure completely independent of

the pressure at the inlet of the valve.

2.6.4 SEQUENCE VALVE FOR REVERSE FREE FLOW
Figure 2.12 shows a revised valve to allow pressure-controlled ¯ow in one

direction and uncontrolled free ¯ow in the reverse direction. A simple check

valve, 4, between the inlet port and the outlet port allows this condition. The

presence of system pressure at the outlet port during operation requires that

this valve be externally drained. Rotation of the bottom end cap 2 offers a

choice between direct system operation, as shown in Fig. 2.12a, or remote

independent operation, as shown in Fig. 2.12b.

Figure 2.11 Sequence valve. (a) Directly operated, externally drained; (b) remotely operated, externally
drained.
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The application drawing is shown incorporating the directly operated

valve in Fig. 2.12c. With this circuit, both cylinder A and cylinder B extend at

the same time, but cylinder B does not retract until cylinder A has fully

retracted. One port of the directional control valve is connected unre-

strictedly to the piston end of each cylinder. With this circuit the cylinders

extend at the same time. The second port of the directional valve is directly

connected to the rod end of cylinder A. The sequence valve is teed into this

line at its inlet port, and the outlet port is connected to the rod end of cylinder

B. As pressure is directed to this port of the directional control valve, cylinder

Figure 2.12 Sequence valve for reverse free ¯ow. (a) Directly operated, externally drained. Valve shown open
in sequenced position. (b) Remotely operated, externally drained. Valve shown closed to regular ¯ow. (c)
Application drawing showing a typical circuit with sequence valve.
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A retracts. Cylinder B does not move until cylinder A has completed its

retraction and until the system pressure has increased to the point at which

the sequence valve is opened, allowing ¯ow from its inlet to the outlet and to

cylinder B. The check valve in the sequence valve allows the passage of

exhaust oil from the end of cylinder B as both cylinders are extended.

2.6.5 COUNTERBALANCE VALVES
Figure 2.13 shows an adaptation of the valve presented in the previous

section used to control the operation of a hydraulic cylinder. The valve is

now used in the exhaust line. Figure 2.13 is identical to Fig. 2.12, with the

difference that the valve presented in Fig. 2.13 is internally drained (dashed

line). This valve can be directly operated as shown in Fig. 2.13a or remotely

operated as shown in Fig. 2.13b.

An application for this type can be similar with the application presented

in Fig 2.12c if we consider just one cylinder lifting a heavy load. A counter-

balance valve is installed in the line supplying the rod end of the lift cylinder

so that the inlet of the counterbalance valve is piped to the cylinder and the

outlet is piped to one port of the directional control valve. Under these

conditions the free-¯ow characteristic of the counterbalance valve allows

unrestricted lifting of the load. Lowering the load does not require over-

coming the pressure setting of the counterbalance valve. After the counter-

balance valve has opened, oil is allowed to ¯ow through the counterbalance

valve through the directional control and back to the reservoir. The setting of

the counterbalance valve can be adjusted to suit the load and ensure ``no-

drift'' holding and smooth lowering of the load.

Figure 2.13 Counterbalance valve. (a) Directly operated, internally drained, reverse free ¯ow. (b) Remotely
controlled, internally drained, reverse free ¯ow.
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2.6.6 COMPOUND RELIEF VALVES
A typical compound relief valve is shown in Fig. 2.14. This type of valve can

also be referred to as a pilot-operated relief valve. Figure 2.14a indicates that

hydraulic pressure at the inlet acts on the bottom of the main spool 1 and, by

passing through ori®ce A, it also acts on the top side of spool 1. Oil passage

through chamber B makes the system pressure available to the pilot valve 3.

Note that pilot valve 3 is a simple direct-acting relief valve that is held on its

seat by the adjustment of the force on spring 4. Spool 1 is maintained in the

closed position by spring 2 and by the system pressure on its top side. Note

that the area of the top side of spool 1 that is exposed to system pressure is

slightly larger than the bottom area exposed to the same system pressure.

This slight difference in area ensures more positive sealing and makes this

valve's cracking pressure 90 to 95% of the full-¯ow pressure.

A cycle of operation with this valve would start as the system pressure,

conveyed to the pilot valve 3 by passages A and B, overcomes the force of

spring 4 and forces the pilot 3 open. Oil is now free to ¯ow out of the drain D

at very low pressure and return to the reservoir. The system ¯ow continues

through ori®ce A, but note that ori®ce B is larger than ori®ce A. As a result,

the pressure on the top side of spool 1 drops below the system pressure, and

spool 1 moves up and opens the outlet port. As long as the pilot 3 remains

open, the size difference between ori®ce A and ori®ce B maintains a

condition of hydraulic unbalance and holds the valve open. A decrease of

pressure allows the pilot 3 to close and quickly equalize the pressure on the

Figure 2.14 Compound relief valve. (a) Externally drained, shown closed. (b) Valve shown open.
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top and bottom of spool 1. The force of spring 2 and the difference in area

between the top side and the bottom side of spool 1 will quickly move the

spool 1 down and close the outlet port.

Figure 2.15 shows another version of the compound-type relief valve.

This valve is referred to as a balanced-piston-type relief valve. The operating

functions in Fig. 2.15a are basically the same as those in Fig. 2.14. The main

difference is in the method of ¯ow. From the pilot valve 2, oil is returned to

the reservoir. The pilot drain D is a hole or ori®ce passing through the main

spool 1 directly into the outlet port. This feature requires fewer hydraulic

lines, but it also allows outlet back pressure to adversely affect pilot

operations. It is important that the outlet lines be unrestricted to ensure

Figure 2.15
Version of the

compound-type
relief valve.

(a) Valve shown
closed.

(b) Compound
relief valve with
remote venting

valve in use.
Valve shown

open or vented.
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minimum back pressure. Ori®ce B in Fig. 2.15a is placed differently, as is the

pilot valve. The port V in Fig. 2.15 offers a new method of control for the

compound-type unit. If port V is allowed to be open to the atmosphere or,

by a simple valve, to the reservoir, the pressure on the top side of the main

spool 1 will be relieved and the spool will immediately move upward and

open. This practice is called venting and offers an auxiliary or additional

method of instantly relieving the system pressure without altering or affecting

the unvented operating setting of the valve. A simple direct-operating relief

valve, manually operated, will handle venting functions and further increase

the ¯exibility of this unit's operation. Figure 2.15b shows a typical arrange-

ment that allows manually controlled venting and=or automatic system

pressure operation. The vent valve is small since it is required to handle

minor volumes.

2.6.7 COMPOUND-TYPE SEQUENCE VALVES
Figures 2.16a and 2.16b show the revised compound relief valve. Figure

2.16a illustrates the unit designated as the Y type. Since the outlet chamber

becomes the secondary port exposed to the system pressure when the valve

opens, an external bleed line E (Fig. 2.16a) must be used. The pilot chamber

is no longer opened at the center ori®ce D of spool 1. The ori®ce D is now

used to ensure complete hydraulic balance of spool 1 when the unit is in its

sequenced position. The operation of the valve in Fig. 2.16a starts when the

system pressure at the inlet port passing through ori®ce A reaches the level

required to unseat pilot piston 3. The pressure drop through ori®ce A causes

a reduced pressure in chamber B and allows spool 1 to move upward and

open, the outlet or secondary port. Oil passing through ori®ce D in the center

of spool 1 is now opened to system pressure, and the effective areas on both

Figure 2.16
Compound-type
sequence valve.

(a) Type Y
sequence valve.

(b) Type X
sequence valve.
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sides of valve 1 are equal. The continued ¯ow and pressure drop through

ori®ce A maintains a lower pressure in chamber B, the valve remaining open.

In the event that the inlet pressure decreases, pilot piston 3 closes, the

pressure in chamber B rises, and the valve closes.

The valve presented in Fig. 2.16a is dependent on the system pressure at

the point of operation. Figure 2.16b shows another modi®cation of the basic

compound unit. This model is identi®ed as the X type. For this type an open

passage between the pilot chamber and the top of spool 1 is used. The ori®ce

D through the center of spool 1 is eliminated.

Operation of the X type is different from any type previously discussed.

The purpose of this design is to ®ll the main circuit of a system with oil before

¯ow to the outlet or secondary circuit is allowed. As the main circuit becomes

full, the pressure rises at the inlet of Fig.2.16b. The ¯ow through ori®ce A

causes the opening of pilot 3, and, as a result, spool 1 opens. As the valve

opens, the full area of the bottom spool 1 is exposed to system pressure.

Since the small guide area of the top side spool 1 is opened to the pilot drain

chamber, the spool 1 is hydraulically unbalanced because of the differential

area. It is required that the system pressure be suf®cient to overcome the very

light force of spring 2 to remain open. This X type does not close until the

system pressure has decreased nearly to zero. This valve's main purpose is

therefore limited to controlling the sequence of ¯ow as a hydraulic system is

put into operation.

2.6.8 PRESSURE-REDUCING VALVES
A low-pressure, low-volume ¯ow in addition to the main system high-

pressure, high-volume ¯ow is required by some hydraulic systems. The

extra pump can be eliminated by the use of a pressure-reducing valve to

supply the small ¯ow at reduced pressure.

Figure 2.17 shows an X -model pressure-reducing valve. The X -valve

combines the features of the direct-operated valve type with those of the

compound-type valve. This valve incorporates a pilot 1 to control the action

of the main spool 3, thus being a compound valve. The pressure-actuated

spool 3 seals because of its close ®t to the main body and because of a sliding

action that opens and closes the outlet or reduced-pressure port. As system

¯ow begins, the inlet is supplied with oil at the main pressure-control-valve

setting. The ¯ow to the outlet or reduced-pressure port is transmitted through

ori®ce C , which is a narrow space between the reduced-diameter section of

spool 3 and the main body. The ¯uid under pressure passes through

chamber D and exerts a force on the bottom area of spool 3. A very small

ori®ce E carries the pressurized oil through the center of spool 3 into

chamber A. The areas of both ends of spool 3 are equal and under the

same pressure so that a state of hydraulic balance exists. Spool 3 is thus held

down by the force of spring 4. Since a reduced pressure at the outlet is

desired, pilot 1 is adjusted to open at a pressure considerably lower than the

pressure available at ori®ce C . The ori®ce E has a smaller area than chamber
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D, and the ¯ow of the oil from E to F causes a pressure drop. The pressure in

chamber F and on the top of spool 3 is lower than the pressure in chamber D

or the pressure on the bottom of spool 3. Hydraulic unbalance occurs now;

spring 4 is overcome and spool 3 is moved upward. As spool 3 moves

upward, ori®ce C is reduced in size, opposing the ¯ow, and a pressure drop

is created between the inlet and outlet ports. Port C will thus be consistently

changed to increase or decrease the resistance to the ¯ow in order to

maintain a constant reduced pressure at the outlet. As the ¯ow from the

outlet port increases in response to an increased low-pressure ¯ow demand,

the spool will move downward and open ori®ce C . As ¯ow is diminished,

ori®ce C will be closed. The maximum pressure available at the outlet is the

sum of the forces of spring 2 and spring 4.

This valve has three critical situations. Ori®ce E is very small and it can

be very easily plugged by minute foreign bodies. A constant ¯ow through

ori®ce E to the drain port of the pilot valve is needed to maintain a constant

dependable reduced pressure. Ori®ce F must remain completely open. The

pilot drain must have a free, unrestricted, unshared line to the reservoir. The

®nal critical area of this valve is the close tolerance required between spool 3

and the bore of the main body.

2.7 Flow-Limiting Controls

2.7.1 CHECK VALVES
The simple check valve limits the ¯ow to one direction. Figure 2.18a shows a

simple check valve of the right-angle type in closed position, in which the

¯ow from outlet to inlet is not allowed. A round poppet A is placed in the

inlet port by the force of spring B. System pressure at the inlet port acts on

the bottom of poppet A, compressing spring B, and opening the valve to

Figure 2.17
Pressure-

reducing valve.
(a) Valve shown
static. (b) Valve

shown
operating.
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allow the ¯ow from inlet to outlet. The ori®ce C in poppet A serves as a drain

for chamber D. It also exposes the top side of the poppet to the prevailing

pressure of the outlet side when it is closed and of the inlet side when it is

open. The system pressure need only overcome the force of spring B to hold

the valve open. The pressure drop through this valve, from inlet to outlet, is

thus equal to the force of spring B when the valve is properly sized with

respect to ¯ow volume. Figure 2.18b shows the valve in the opened position.

There are situations in hydraulic circuit design when it is desirable to

have the automatic single-¯ow feature of the simple check valve for only a

portion of the time and at any given time to be able to allow ¯ow in either

direction. This situation occurs in working with load-lifting devices. The

normal single-¯ow characteristic allows the load to be lifted at any time and

automatically held. It is also required that the ability to lower the load be

included in the design. A pilot-operated check valve will adequately perform

this function.

Figure 2.19 illustrates a pilot-operated check valve. In Fig. 2.19a, the

check valve has a portion constructed in a manner similar to the simple

check valve in Fig. 2.18. A pilot piston D with a stem E and a pilot pressure

port for external connection have been added.

Figure 2.19b shows the valve when inlet pressure is high enough to

overcome the force of spring B. Pilot pressure is still 0 lb=in2, and thus the

inlet pressure acts on the top side of piston D and holds the pilot stem E

downward. The valve acts as the conventional check valve in Figs. 2.19a and

2.19b.

Let us assume that we need to have the ¯ow from the outlet port to the

inlet port. A load has been lifted by allowing ¯ow from inlet to outlet, and

that it is now time to lower the load.

The application of an independent external pressure to the pilot port will

move piston D upward, allowing ¯ow from outlet to inlet, thus lowering the

Figure 2.18
Simple check
valve. Right-
angle check
valve shown

(a) closed and
(b) open.
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load. To maintain the valve in an opened position, the following relation is

required:

PP � DB > FsB � PC � DT

or

FP > FsB � Fi

because

P � A � F

where Pp is the pilot pressure, DB is the bottom area D, FSB is the spring B

force, Pi is the inlet pressure, DT is the top area D, FP is the pilot force, and Fi

is the inlet force. Also P is the pressure, A is the area, and F is the force.

2.7.2 PARTIAL-FLOW-LIMITING CONTROLS
For a hydraulic cylinder, the speed in one direction can be controlled if a

simple needle valve is located in the exhaust port of the cylinder. This is

referred to as a meter-out application. The exhaust pressure of a hydraulic

cylinder is relatively stable and, thus, it maintains a reasonably accurate ¯ow

rate control with a simple needle valve. Figure 2.20a shows a simple needle-

valve meter-out control. The unit depicted in Fig. 2.20 has the additional

feature of allowing the ¯ow to pass through a check valve B in one direction,

thus being unaffected by the adjustment of the metering valve A. The

metered ¯ow direction of these valves is usually indicated by an arrow on

the external surface of the unit. A ®ne adjustment thread on the stem of valve

A provides a precise control of the ¯ow. An adjustment of A is minor while

the valve is subjected to system pressure. Excessive looseness of the locknut

for valve A and excessive turning of valve A may damage the small valve

seal. If large adjustments are needed, they are best accomplished at 0 lb=in2.

Figure 2.19
Pilot-operated

check valve
shown (a)
closed and

(b) with pilot
actuated to

allow constant
¯ow or reverse

¯ow.
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The ¯ow control illustrated in Fig. 2.20d is far superior to those shown in Figs.

2.20a to 2.20c. The unit shown in Fig. 2.20d is adjustable at any time, even

while under maximum pressure.

2.8 Hydraulic Pumps

Although many hydraulic pumps and motors appear to be interchangeable in

that they operate on the same principles and have similar parts, they often

have design differences that make their performances better as either motors

or pumps. Moreover, some motors have no pump counterparts. In this

chapter only positive-displacement pumps are considered (those pumps

that deliver a particular volume of ¯uid with each revolution of the input

drive shaft). This terminology is used to distinguish them from centrifugal

pumps and turbines.

2.8.1 GEAR PUMPS
The simplest type of these pumps is the gear pump, shown in Fig. 2.21, in

which the ¯uid is captured in the spaces between the gear teeth and the

housing as the gears rotate. Flow volume is controlled by controlling the

speed of the drive gear. Although these pumps may be noisy unless well

designed, they are simple and compact.

2.8.2 GEROTOR PUMPS
Another version of the gear pump is the gerotor, whose cross section is

presented schematically in Fig. 2.22. The internal gear has one fewer tooth

Figure 2.20 Single-needle valve ¯ow control. (a) Metered ¯ow in both directions. (b) Check valve for reverse
¯ow. (c) Reverse ¯ow check valve shown open. (d) Valve constructed to allow adjustment while under pressure.
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than the external gear, which causes its axis to rotate about the axis of the

external gear. The geometry is such that on one side of the internal gear the

space between the inner and outer gerotor increases for one-half of each

rotation and on the other side it decreases for the remaining half of the

rotation. It consists of three basic parts: the ring, the outer gerotor, and the

inner gerotor. The number of the teeth varies, but the outer gerotor always

has one more tooth than the inner gerotor.

The ®gure shows the two kidney-shaped ports, namely, the suction port

and discharge port. The axis around which the inner element rotates is offset

by the amount e from the axis of the outer gerotor, which, driven by the inner

gerotor, rotates within the ring.

Figure 2.21
Gear pump.

Figure 2.22
Gerotor pump.
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2.8.3 VANE PUMPS
Figure 2.23a shows the sketch of a vane pump. The drive shaft center line is

displaced from the housing center line, having uniformly spaced vanes

mounted in radial slots so that the vanes can move radially inward and

outward to always maintain contact with the housing. Fluid enters through

port plates, shown in Fig. 2.23b, at each end of the housing. The advantages

of vane pumps over gear pumps are that they can provide higher pressures

and variable output without the need to control the speed of the prime

mover (electric motor, diesel engine, etc). The design modi®cation required

for a variable volume output from a pump having a circular interior cross

section is that of mounting the housing between end plates so that the axis of

the cylinder in which the vane rotates may be shifted relative to the axis of

the rotor, as shown in Fig. 2.24. The maximum ¯ow is obtained when they

are displaced by the maximum distance (Fig. 2.24a), and zero ¯ow is

obtained when the axis of the rotor and the housing tend to coincide (Fig.

2.24b).

Figure 2.23
Vane pump. (a)

Cross section
shown

schematically.
(b) Port plate
with inlet port

and outlet port.
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2.8.4 AXIAL PISTON PUMP
An axial piston pump is shown in Fig. 2.25. The major components are the

swashplate, the axial pistons with shoes, the cylinder barrel, the shoeplate,

the shoeplate bias spring, and the port plate. The shoeplate and the shoe-

plate bias spring hold the pistons against the swashplate, which is held

stationary while the cylinder barrel is rotated by the prime mover. The

cylinder, the shoeplate, and the bias spring rotate with the input shaft, thus

forcing the pistons to move back and forth in their respective cylinders in the

cylinder barrel. The input and output ¯ows are separated by the stationary

port plate with its kidney-shaped ports. Output volume may be controlled by

changing the angle of the swashplate. As angle a between the normal to the

swashplate and the axis of the drive shaft in Fig. 2.26b goes to zero, the

¯ow volume decreases. If angle a increases (Fig. 2.26a), the volume also

increases. Axial piston pumps with this feature are known as overcenter axial

piston pumps.

2.8.5 PRESSURE-COMPENSATED AXIAL PISTON PUMPS
For these pumps the angle a of the swashplate is controlled by a spring-

loaded piston that senses the pressure at a selected point in the hydraulic

system. As the pressure increases, the piston can decrease a in an effort to

decrease the system pressure, as illustrated in Fig. 2.26b. Pressure compensa-

tion is often used with overcenter axial piston pumps in hydrostatic transmis-

sions to control the rotational speed and direction of hydraulic motors.

2.9 Hydraulic Motors

Hydraulic motors differ from pumps because they can be designed to rotate

in either direction, can have different seals to sustain high pressure at low

rpm, or can have different bearings to withstand large transverse loads so

Figure 2.24
Cross-sectional

schematic
variable vane
pump (a) for

maximum ¯ow,
and (b) for

minimum ¯ow.

598 Fluid Dynamics

Flu
id

D
yn

am
ics



they can drive sprockets, gears, or road wheels on vehicles. A rotating valve

that distributes the pressure to the pistons in sequence causes the output

shaft to rotate in the desired direction. The pistons are mounted in a block

that holds the pistons perpendicular to the rotor. Each piston slides laterally

on a ¯at surface inside the housing as it applies a force between the ¯at

portion of the housing and the eccentric rotor. Figure 2.27 shows a radial

piston pump with the pistons, 2, arranged radially around the rotor hub, 1.

The rotor with the cylinders and the pistons are mounted with an eccentricity

in the pump house 3. The pistons, which can slide within the cylinders with a

special seal system, pull and then push the ¯uid (the arrows on the ®gure)

through a central valve 4.

Orientation of the block relative to the housing is maintained by means

of an Oldham coupling. The schematic principle of operation of an Oldham

coupling is presented in Fig. 2.28. The main parts are the end plate 1,

coupling plate 2, and block 3, which contains the pistons and the eccentric

Figure 2.25 Axial piston pump. (a) Overcenter axial pump without drive shaft shown. (b) Basic parts for
axial piston pump.
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Figure 2.26 Simpli®ed schematic of the operation of the compensator piston in controlling the angle of the
swashplate to control output ¯ow rate. (a) Large displacement for full ¯ow. (b) Zero displacement for no ¯ow.

Figure 2.27
Sectional views
of radial piston

pump.
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portion of the shaft. Slot a is cut into plate 1 and accepts track A, which is part

of plate 2. Track B is perpendicular to track A and is located on the opposite

side of plate 2 from track A. Slot b is cut into the block and accepts track B.

Thus, any displacement of the block relative to plate 1, which is attached to

the housing, can be decomposed into components parallel to tracks A and B.

As the shaft turns the center of the eccentric and of the block, it will describe

a circle about the center of the housing, but the block itself will not rotate.

Pistons, block, and housing, therefore, will always maintain their proper

orientation relative to one another.

2.10 Accumulators

An accumulator is a tank that accumulates and holds ¯uid under pressure.

Accumulators are used to maintain the pressure in the presence of ¯uctuating

¯ow volume, to absorb the shock when pistons are abruptly loaded or

stopped, as in the case of planers, rock crushers, or pressure rollers, or to

supplement pump delivery in circuits where ¯uid can be stored during other

parts of the cycle. The bladder-type accumulator is presented in Fig. 2.29a.

This design incorporates a one-piece cylindrical shell with semicircular ends

to better withstand system pressure. A rubber bladder or separator bag is

installed inside the outer shell. It is this bladder that, when ®lled with a gas

precharge, supplies the energy to expel stored liquid at the desired time. A

poppet valve is supplied in the lower end of the accumulator to prevent the

bladder from being damaged by entering the ¯uid port assembly. This

poppet is held open by a spring but is closed once the accumulator

precharge extends the bladder and causes it to contact the top of the

Figure 2.28
Front and side

views of plates 1
and 2 and the

block, which
provides an

Oldham coupling
relation.
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poppet. The gas used for accumulator service is an inert gas such as nitrogen.

Also, a small valve is used to ®ll the bladder with gas. This valve is similar to

those used to ®ll auto tires. A locknut is provided to anchor this valve and the

bladder to the shell.

The piston-type accumulator is shown in Fig. 2.29b. Note that the piston

type resembles a conventional hydraulic cylinder minus the piston rod. This

con®guration can be identi®ed as free or ¯oating piston operation. The gas

precharge is on one side of the piston, and the system oil is on the other. Two

seals are indicated on the piston head. Therefore, the two rings keep the

piston head from cocking, but actual sealing is accomplished by the seal ring

on the gas side of the piston head.

Figure 2.29 Internal construction of accumulators. (a) Bladder-type accumulator. (b) Piston-type accumu-
lator.
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2.11 Accumulator Sizing

Accumulator size depends on the amount of ¯uid to be stored and the means

used to supply pressure to the ¯uid stored in the accumulator. If a weight

above a piston is used, the accumulator must be large enough to hold the

¯uid and the volume of the weight and piston. When gas pressure is used,

either in a bladder or above a piston, the sizing of the accumulator requires

that we consider the behavior of the gas as it is being compressed by the

incoming ¯uid. The gas equation is considered to be polytropic and includes

isothermal and reversible adiabatic changes as special cases if the appro-

priate value of the exponent is selected. An isothermal process is one in

which the compression is slow enough for the temperature of gas to remain

constant. An adiabatic process is one that is so rapid that no heat is lost and

the temperature rises accordingly. The polytropic gas equation is

pV n � poV n
o : �2:14�

If the accumulator volume is Vf and pressure is pf , when it is ®lled with the

desired amount of ¯uid, and Ve and pe are the volume and pressure when it

is empty, the volume of stored ¯uid in Vs is

Vs � Ve ÿ Vf : �2:15�
From Eq. (2.14) it follows that

pf V n
f � peV n

e ; �2:16�
so that upon solving Eq. (2.16) for Vf and substituting into Eq. (1.15), the

required volume Ve of the accumulator is given by

Ve �
Vs

1ÿ pe

pf

 !1=n b �2:17�

where the value of n is given in Fig. 2.30 and b is an experimentally

measured factor given by

b � 1:24; for bladder-type accumulators

b � 1:11; for piston-type accumulators

2.12 Fluid Power Transmitted

For calculating the power transmitted to a particular unit, it is necessary to

know the functional formula for power,

P � F v; �2:18�
where F is the force, and v is the velocity.

The force F can be written as

F � pA; �2:19�
where p is the pressure and A is the cross-sectional area.
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If L is the distance traveled in time t by a point that moves with the ¯uid

¯owing through the hose or cylinder of cross-sectional area A, the power

required to move that ¯uid is

P � pA
@L

@t
� pAv � p

@V

@t
: �2:20�

The rate of change of time @V =@t is denoted by _Q in units of gallons per

minute or liters per minute.

1 gallon �1 gal� � 231 in3; and 1 horsepower �hp� � �ft lb=min�=33;000:

2.13 Piston Acceleration and Deceleration

To analyze piston behavior, we consider piston velocity and acceleration as a

function of the system parameters.

The velocity is the volumetric ¯ow rate divided by the cross-sectional

area Ac of the cylinder. Thus,

vr �
_Q

Ac

; �2:21�

where vr denotes the velocity of the piston and rod.

Figure 2.30
Schematic for
regenerative

cylinder circuit.
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During the motion, the rod and piston are accelerating, and the

equilibrium equation is

m � d2x

dt 2
� pAc ÿ �Fr � f �; �2:22�

where Fr is the force opposing the motion of the piston and f is the friction

and ¯uid losses at the exhaust ports.

If the pressure is constant, which is a reasonable approximation if the

lines and ®ttings are large enough to produce only negligible pressure losses,

one may integrate Eq. (2.22) to get

dx

dt
� pAc ÿ �Fr � f �

m
t �2:23�

when the piston starts from rest.

When set equal to the piston maximum steady-state velocity vr , the time

needed to accelerate to velocity vr is

ta �
mvr

pAc ÿ �Fr � f � : �2:24�

The distance required for the piston to reach this velocity may be calculated

by integrating Eq. (2.23) with respect to time and using the condition that the

motion started from x � 0 to obtain

xa �
mv2

r

2�pAc ÿ �Fr � f �� �
tavr

2
; �2:25�

Here m is the total accelerating mass; that is, the piston, the rod, and any

mass being accelerated by the piston and rod. If the stroke of the cylinder is

less than xa , the piston will accelerate over the entire stroke.

The time needed by the piston to accelerate, move at constant velocity,

and decelerate may be estimated by using the relationship

t1 � ta � td �
s ÿ �xa � xd �

vr

; �2:26�

where s is the stroke length, td is the deceleration time, and xd is the

deceleration distance.

Hydraulic pistons usually move relatively slowly because the ratio

between hose and cylinder cross-sectional areas is generally small and

because large line losses are associated with large velocities. Acceleration

times and distances are negligible.

2.14 Standard Hydraulic Symbols

The time and effort to draw and modify design drawings for hydraulic

systems (Fig. 2.30) can be greatly reduced by employing a set of standard

design symbols to denote hydraulic components. Two different conventions

have been accepted for joining and crossing hydraulic lines. They are
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presented in Fig. 2.31a. The main hydraulic lines are drawn as solid lines;

pilot lines are drawn as long dashes; exhaust and drain line are drawn as

short dashes. Check valves are drawn as in Fig. 2.31b, where ¯ow is allowed

from A to B, but not from B to A. Figures 2.32 and 2.33 show other activation

symbol, and Fig. 2.34 shows the symbolic circuit for the regenerative

cylinder, initially shown in Fig. 2.30.

2.15 Filters

Filters are used in hydraulic circuits to remove foreign matter without adding

appreciably to pressure loss in the circuit. Normally only one ®lter is added

to most hydraulic systems on machines, unless a particular component is

especially sensitive to dirt and must have extra protection. Filters are added

in the reservoir, in the pump intake from the reservoir, or in the return line to

the reservoir. Motivation for the ®rst two choices is that the pump is usually

the most expensive single component in the system and that foreign matter

tends to collect in the reservoir because the ¯ow velocity is low Ð it acts as a

settling tank. The disadvantage of this location is that if the ®lter becomes

clogged, it can starve the pump and cause extensive damage. This possibility

may be largely eliminated by placing the ®lter in the return line, but with the

risk of damaging the ®lter by forcing large particles through it. A pilot-

operated check valve may be used to bypass a clogged ®lter, but at the

expense of circulating foreign matter that should have been ®ltered out.

Another alternative is to stop the system when the pressure across a ®lter

exceeds a limiting value. Particulate matter is described in terms of its largest

dimension in micrometers (microns), where a micrometer is 1� 10ÿ6 meters.

Filters are classi®ed in terms of their ability to entrap these particles by means

of a b value. The symbol b is immediately followed by a number that denotes

the diameter of the particles involved according to the relation

bd �
Number of particles of diameter d upstream from filter

Numbers of particles of diameter d downstream from the filter
:

Most ¯uid ®lters are not rated for particles less than 3 mm; b may be taken as

1.0 to d < 3.

Figure 2.31
(a) Joining and

(b) crossing
hydraulic lines.
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2.16 Representative Hydraulic System

A simple hydraulic circuit to provide bidirectional control of a hydraulic

cylinder is shown in Fig. 2.35. It includes a motor with a clutch between the

motor and pump, a ®lter in the motor intake lane from the reservoir, and a

manually operated directional valve.

Figure 2.32 Activation symbols.
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Figure 2.33 Other activation symbols.
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Figure 2.34
Symbolic circuit
for regenerative
cylinder circuit

schematic shown
in Fig. 2.30.

Figure 2.35
Representative

hydraulic circuit.
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