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Abstract

Hydraulic Engineering: Fundamental Concepts includes hydraulic processes
with corresponding systems and devices. The hydraulic processes include
the fundamentals of fluid mechanics and pressurized pipe flow systems.
This book illustrates the use of appropriate pipeline networks, along with
various devices like pumps, valves, and turbines. The knowledge of these

processes and devices is extended to design, analysis, and implementation.
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Preface

The objective of this book is to present the various applications of fluid
mechanics in the form of hydraulic engineering systems. Primary em-
phasis is on fluid properties, flow systems, pipe networks, and pump
selection. Its main purpose is to augment lecture courses and standard
textbooks on fluid mechanics and hydraulic engineering by illustrating a
wide array of exercise problems with solutions. This book is directed to
anyone in an engineering field with the ability to apply the principles of
hydraulic engineering and fluid mechanics.

The units used in this textbook are both in the metric and in English
units. This will enable the student get a better understanding of practi-
cal applications in the field. The reader of this textbook should have a

basic understanding of algebra and calculus.






CHAPTER 1

Fundamental Concepts

All matter encountered on an everyday basis exists in one of three forms:
solid, liquid, or gas. Generally, these forms are distinguished by the
bonds between adjacent molecules (or atoms) that compose them. Thus,
the molecules that make up a solid are relatively close together and are
held in place by the electrostatic bonds between the molecules. There-
fore, solids tend to keep their shape, even when acted on by an external
force.

By contrast, gas molecules are so far apart that the bonds are too
weak to keep them in place. A gas is very compressible and always takes
the shape of its container. If the container of a gas is removed, the mole-
cules would expand indefinitely.

Between the extremes of solid and gas lies the liquid form of matter.
In a liquid, molecules are bonded with enough strength to prevent in-
definite expansion but without enough strength to be held in place.
Liquids conform to the shape of their container except for the top,
which forms a horizontal surface free of confining pressure except for
atmospheric pressure. Liquids tend to be incompressible, and water,
despite minute compressibility, is assumed to be incompressible for
most hydraulic problems.

In addition to water, various oils and even molten metals are exam-

ples of liquids and share the basic characteristics of liquids.

1.1 Force and Mass

An understanding of fluid properties requires a careful distinction be-
tween mass and weight. The following definitions apply:
Mass is the property of a body of fluid that is a measure of its inertia

or resistance to a change in motion. It is also a measure of the quantity

of fluid.
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The symbol 7 (for mass) is used in this book.

Weight is the amount that a body of fluid weighs, that is, the force
with which the fluid is attracted toward Earth by gravitation.

The symbol w (for weight) is used in this book.

An equivalent unit for force is kg-m/s?, as indicated above. This is

derived from the relationship between force and mass
F=m*a (1.1)

where 4 is the acceleration expressed in units of m/s*. Therefore, the

derived unit for force is
F =ma=kgm/s’ =N (1.2)

Thus, a force of 1.0 N would give a mass of 1.0 kg an acceleration of
1.0 m/s%. This means that either N or kg-m/s* may be used as the unit
for force. In fact, some calculations in this book require the ability to use
both or to convert from one to the other. Similarly, besides using the kg
as the standard unit of mass, the equivalent unit N-s*/m may be used.

This can be derived again from F = ma.
" F_ N _N-§ 1.3)
=== 1.3

1.2 Surface Tension and Capillarity

All liquids have surface tension, which is manifested differently in differ-
ent liquids. Surface tension results from a different molecular bonding
condition at the free surface compared to bonds within the liquid. In
water, surface tension results in properties called cohesion and adhesion.
Cohesion enables water to resist a slight tensile stress; adhesion enables it
to adhere to another body.

Capillarity is a property of liquids that results from surface tension
in which the liquid rises up or is depressed down a thin tube. If adhe-
sion predominates over cohesion in a liquid, as in water, the liquid will
wet the surface of a tube and rise up. If cohesion predominates over ad-
hesion in a liquid, as in mercury, the liquid does not wet the tube and is

depressed down (Figure 1.1).
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CAPILLARY TUBES

CAPILLARY

ATTRACTION CAPILLARY

REPULSION

Figure 1.1 Examples of adhesion and cohesion of water and mercury
in a glass test tube

1.3 Density and Specific Weight

Density is defined as mass per unit volume and is denoted by the expression
m
== 1.4
P=y (1.4)

where p (rho) = density (kg/m?, slugs/ft®)
m = mass (slugs, kg)
V = volume (ft?>, m3).

Density varies with water as shown in Table 1.1.

The slug is a unit of mass associated with Imperial units and U.S.
customary units. It is a mass that accelerates by 1 ft/s* when a force of
one pound-force (Ibp) is exerted on it.

Ib, s
Islug =1 —11b, =1
ft

slug - ft

2
N

(1.5)

In general, density can be changed by changing either the pressure or
the temperature. Increasing the pressure always increases the density of a
material. Increasing the temperature generally decreases the density, but
there are notable exceptions to this generalization. For example, the den-
sity of water increases between its melting point (0 °C) and 4 °C; similar

behavior is observed in silicon at low temperatures.
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Table 1.1 Density of water at various temperatures

Temperature Density Specific Weight
°F/°C slugs/ft® | g/lem® | Ib/ft kg/l
32/0 1.94 0.99987 | 62.416 | 0.999808
39.2/4.0 1.94 1 62424 | 1

40/4.4 1.94 0.99999 | 62.423 | 0.999921
50/10 1.94 0.99975 | 62.408 | 0.999681
60/15.6 1.94 0.99907 | 62.366 | 0.999007
70/21 1.94 0.99802 | 62.3 0.99795
80/26.7 1.93 0.99669 | 62.217 | 0.996621
90/32.2 1.92 0.9951 62.118 | 0.995035
100/37.8 1.92 0.99318 | 61.998 | 0.993112
120/48.9 1.94 0.9887 61.719 | 0.988644
140/60 1.91 0.98338 | 61.386 | 0.983309
160/71.1 1.91 0.97729 | 61.006 | 0.977223
180/82.2 1.88 0.97056 | 60.586 | 0.970495
200/93.3 1.88 0.96333 | 60.135 | 0.96327
212/100 1.88 0.95865 | 59.843 | 0.958593

The specific weight (also known as the unit weight) is the weight

per unit volume of a material. The symbol of specific weight is .

y= (1.6)

w

v

where

y = specific weight of the material (weight per unit volume, typically
Ib/ft3, N/m?3 units)

w = weight (Ib, kg)

V = volume (ft3, m?)

Alternatively, specific weight can be defined by the expression

v=pg (1.7)

where

p = density of the material (mass per unit volume, typically kg/m?)
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g = acceleration due to gravity (rate of change of velocity, given in

m/s?, and on Earth usually given as 32.2 ft/s* or 9.81 m/s?)

Since specific weight is function of density and density is dependent
on temperature, the specific weight will vary with temperature as shown
in Tables 1.2 and 1.3.

Table 1.2 Specific weight of water at various temperatures in °C

Temperature (°C) | Specific Weight (kN/m?)
0 9.805
5 9.807
10 9.804
15 9.798
20 9.789
25 9.777
30 9.765
40 9.731
50 9.69
60 9.642
70 9.589
80 9.53
90 9.467
100 9.399

Table 1.3 Specific Weight of Water at Varying Temperature in °F

Temperature (°F) | Specific Weight (Ib/ft?)
32 62.42
40 62.43
50 62.41
60 62.37
70 62.3
80 62.22
90 62.11
100 62
110 61.86
120 61.71
130 61.55
140 61.38
150 61.2
160 61
170 60.8
180 60.58
190 60.36
200 60.12
212 59.83
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Quite often the specific weight of a substance must be found when
its density is known and vice versa. The conversion from one to the other

can be made using the following equation:
y=pr"g (1.8)

where g is the acceleration due to gravity.

This equation can be justified by referring to the definitions of den-
sity and specific gravity and by using the equation relating mass to
weight,

w=mg (1.9)

The definition of specific weight is

r= (1.10)

Multiplying both the numerator and the denominator of this equa-

tion by g, yields

=L

1.11
14 Ve (1.11)
Butm == (1.12)
g
Therefore
mg
=—° 1.13
14 v (1.13)
Because
m
=— 1.14
oy ” (1.14)
Y=pg (1.15)

1.4 Specific Gravity

When the term specific gravity is used in this book, the reference fluid
is pure water at 4 °C. At this temperature, water has its greatest density.

Then, specific gravity can be defined in cither of two ways:
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Specific gravity is the ratio of the density of a substance to the density
of water at 4 °C.

Specific gravity is the ratio of the specific weight of a substance to
the specific weight of water at 4 °C.

These definitions for specific gravity (s.g.) can be shown mathemati-

cally as

5.g.= - P (1.16)

7w@4°c Iow@4°C

where the subscript s refers to the substance whose specific gravity is
being determined and the subscript w refers to water. The properties of

water at 4 °C are constant, having the following values:
Puasc =1,000kg/m’ Poasc =1.94 slugs/ft’

Yoowc =9-81kN/m’ Yoawc = 62.41b/f6

1.5 Pressure

Pressure (denoted as p or P) is the ratio of force to the area over which
that force is distributed.

Pressure is force per unit area applied in a direction perpendicular to
the surface of an object. Gage pressure is the pressure relative to the local
atmospheric or ambient pressure. Pressure is measured in any unit of force
divided by any unit of area. The SI unit of pressure is the newton per
square meter (N/m?), which is called the Pascal (Pa). Pounds per square
inch (psi) is the traditional unit of pressure in U.S. customary units.

Mathemartically:
p== = 1.17
orp ( )

where
P is the pressure
F is the normal force

A is the area of the surface on contact
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k
1Pa=1i2= =5 (1.18)

2
m m

1psi=6.8947 kPa

1.6 Viscosity

Viscosity is a property arising from friction between neighboring parti-
cles in a fluid that are moving at different velocities. When the fluid is
forced through a tube, the particles which comprise the fluid generally
move faster near the axis of the tube and more slowly near its walls:
therefore some stress (such as a pressure difference between the two ends
of the tube), is needed to overcome the friction between particle layers
and keep the fluid moving. For the same velocity pattern, the stress re-
quired is proportional to the viscosity.

Viscosity is sometimes confused with density, but it is very different.
While density refers to the amount of mass per unit volume, viscosity
refers to the ability of fluid molecules to flow past each other. Thus, a
very dense fluid could have a low viscosity or vice versa.

The properties of viscosity and density are well illustrated by the ex-
ample of oil and water. Most oils are less dense than water and therefore
float on the water surface. Yet, despite its lack of density, oil is more
viscous than water. This property of viscosity is called absolute viscosity.
It is designated by the Greek letter mu () and has the units Ib-s/fi®
(kg-s/m?). Because it has been found that in many hydraulic problems,
density is a factor, another form of viscosity, called kinematic viscosity,
has been defined as absolute viscosity divided by density. It is usually
denoted by the Greek letter nu (y). It has the units ft?/s or m*/s.

V== (1.19)
Yo,

1.7 Flow Rate

Flow rate or rate of flow is the quantity of fluid passing through any

section of pipeline or open channel per unit time.
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It can be expressed in terms of

Volume flow rate
Mass flow rate

Weight flow rate

1.7.1 Volume Flow Rate

The volumetric flow rate (also known as volume flow rate, rate of fluid
flow, or volume velocity) is the volume of fluid which passes per unit of
time; usually represented by the symbol Q. The SI unit is m*/s (cubic
meters per second). In U.S. customary units and British Imperial units,
volumetric flow rate is often expressed as ft’/s (cubic feet per second) or
gallons per minute.

Volume flow rate is defined by the limit

. AV dV
=lim—=

—_— 1.20
Ar—0 Ag dz ( )

i.e., the flow of volume of fluid V through a surface per unit time #

Since this is the time derivative of volume, a scalar quantity, the vol-
umetric flow rate is also a scalar quantity. The change in volume is the
amount that flows after crossing the boundary for some time duration,
not simply the initial amount of volume at the boundary minus the final
amount at the boundary; otherwise the change in volume flowing
through the area would be zero for steady flow.

Volumetric flow rate can also be defined by
Q=v*4 (1.21)

where
v = flow velocity of the substance elements

A = cross-sectional vector area or surface

1.7.2 Mass Flow Rate

Mass flow rate is the mass of a substance which crosses a fixed plane per

unit of time.
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The unit of mass flow rate is kilogram per second in SI units, and
slug per second or pound per second in U.S. customary units. The
common symbol is 72 (pronounced “m-dot”)

Mass flow rate is defined by the limit
Am _dm

m=lim,  —2=5" (1.22)
MU A de
i.e., the flow of mass 7 through a plane per unit time =

Mass flow rate can be calculated as
m=p*Q (1.23)

p = mass density of the fluid

Q = volume flow rate

1.7.3 Weight Flow Rate

Weight flow rate is defined as the weight of any fluid passing through
any section per unit time. It is denoted by the symbol W.

Weight flow rate can calculated as

W=y*Q (1.24)

1.8 Principle of Continuity

The method of calculating the velocity of the flow of a fluid in a closed
pipe system depends on the principle of continuity. If a fluid flow from
section 1 to section 2 occurs at a constant rate, that is, the quantity of
fluid flowing past any section in a given amount of time is constant, it is
referred to as steady flow. If there is no fluid added, stored, or removed
between section 1 and section 2, then the mass of the fluid flowing in
section 2 will be the same as the mass of the fluid flowing in section 1.

This can be expressed in terms of mass flow rate
M, =M, (1.25)
However, A = pAv
So Eq. (1.25) will become

(pAv), =(pAv), (1.26)
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Y L Reference level

Figure 1.2 Element of fluid moves from section 1 to section 2

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

This is the mathematical statement of the principle of continuity and is
called the continuity equation. It is used to relate the fluid density, flow
area, and velocity of flow at two sections of the system in which there is
steady flow. If the fluid flowing through the pipe is considered incompressi-
ble, then p; and p; are equal (Figure 1.2). The equation then becomes

(Av)1 =(A11)2 (1.27)

or, because Q = Ay

Q=Q, (1.28)

1.9 Conservation of Energy—Bernoulli’s Equation

Law of Conservation of Energy: “Energy can be neither created nor

destroyed. It can be transformed from one form to another.”

Potential energy
Kinetic energy

Pressure energy

In the analysis of a pipeline problem, account for these three princi-

ples for all the energy within the system.
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_ Inner wall of the pipe
/1]

7
___/_____

Centerline

X
VA4
\

z element of fluid

8 Reference level

Figure 1.3 Fluid element inside a pipe

An element of fluid, at any point inside a pipe in a flow system
(Figure 1.3):

Is located at a certain elevation ()
Has a certain velocity (v)

Has a certain pressure (P)

The element of fluid would possess the following forms of energy:
Potential energy: Due to its elevation, the potential energy of the

element relative to some reference level is

PE=w.z (1.29)

w. = weight of element

z = elevation of fluid

Kinetic energy: Due to its velocity, the kinetic energy of the element is

2
wo
€

2g

KE = (1.30)
Flow energy (pressure energy or flow work): Amount of work neces-
sary to move an element of a fluid across a certain section against the

pressure (P).

P
PE = % (1.31)
4
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Total amount of energy of these three forms possessed by the ele-

ment of fluid:

E=PE+KE+FE (1.32)
2
Emwzt iy oL (1.33)
2¢ 7

Considering the fluid flow through the sections as shown in Figure 1.2

P
Total energy in sectionl: E, =w,z, + w;i + 250 (1.34)
4

2
w.v, w, P,

+—2  (1.35)

Total energy in section2: E, =w,_z, +

If no energy is added to the fluid or lost between the sections 1 and 2,

then the principle of energy requires that
2 2

wu, w,v, 4 w, P,

w.z +——— L < L=y Z, +———

2¢ 7 2¢ 7

(1.36)

The weight of the element is common to all terms and can be divided
oug, resulting in the following equation known as Bernoulli’s equation.

P *p
z1+i+—1=z2+zi+—2 (1.37)

28 7 28 7

Each term in Bernoulli’s equation is one form of the energy possessed
by the fluid per unit weight of fluid flowing in the system. The units in
cach term are “energy per unit weight.” In the SI system, the units are
N-m/N and in the U.S. customary system, the units are Ib-ft/Ib.

The force unit appears in both the numerator and denominator and it
can be cancelled. The resulting unit thus becomes the meter (m) or foot
(ft) and can be interpreted to be a height. In fluid flow analysis, the terms
are typically expressed as “head” referring to a height above a reference
level (Figure 1.4).

Ply = pressure head
z = elevation head Summation of the terms is called total head.

v*/2g = velocity head
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Total head l
nglzg
v212g = Velocity head PlY

7= Elevation head

l Reference level \

Figure 1.4 Element of fluid moves from section 1 to section 2

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

1.9.1 Restrictions on Bernoulli’s Equation

It is stated only for incompressible fluids, since the specific weight of the
fluid is assumed to be the same at two sections of interest.

There can be no mechanical devices between sections 1 and 2 that
would add energy to or remove energy from the system, since the equa-
tion states that the total energy of the fluid is constant.

There can be no heat transferred into or out of the fluid.

There can be no energy loss due to friction.

Example Problem 1

Water at 10 °C is flowing from section 1 to section 2. At section 1, which

is 25 mm in diameter, the gage pressure is 345 kPa and the velocity of
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flow is 3.0 m/s. Section 2, which is 50 mm in diameter, is 2.0 m above

section 1. Assuming there are no energy losses in the system, calculate the

pressure .

Given:
P1=345 kPa P2=.>
v1=3 m/s v="?
7 =25 mm 2 =50 mm
Twa[er= 10 OC 22— 21= 20 m
Q=AXxV,
2
25mm | T ls=1.47 5107 m’s
1,000m ) 4

From continuity equation Q=AXV, =A,xV,

25mm : T . m 50 mm : V/4
—X3—= —Xv,
1,000m ) 4 s 1,000m ) 4
P1 = 345 kPa = 345 kN/m?

2 2
v Db v,” P

Z+—+2L=z +21+2
2¢ 7 28 ¥
3.0° . 345kN/m’ 0.75° D,
zZ, + T =2, + 2=
2*9.81 9.81kN/m 2981 y
0.75° 3.0°  345kN/m’ P,
Z, — 2z, + + =

2%9.81 2%9.81 9.81kN/m’ y
i)
22 =35.1m+0.458m +0.0286m —2m
Y

I
— =33.5m Pressure Head

Y
P, =(9.81kN/m’)*(33.5m) =328.9kPa
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Example Problem 2

A siphon draws fluid from a tank and delivers it through a nozzle at the
end of the pipe (Figure 1.5).

Calculate the volume flow rate through the siphon and the pressure
at points B, C, D, and E. Diameter of siphon = 40 mm

Diameter of nozzle = 25 mm

Assume that there are no energy losses in the system.

Reference points A and F (most convenient points)

2 2
D
z, +UL+£=ZF +yL+_F
28 v 26 7

Points A and F are open to atmosphere; hence, Pa= 0 and Ps = 0.
Velocity at point A is zero.
Elevation difference between Aand F=1.8 + 1.2=3.0 m

z, —z; =3.0m

z; —z, ==3.0m

2
Vg
Z) =2z +—

2g
g =\/(ZA —2;)*(2*9.81)
v, =7.67mls
Q=AxV

Pipe
40-mm inside diameter

25-mm diameter

Figure 1.5 Example Problem 2
Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey.
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2
25mm | 7, m 3 3
= —*7.67—=3.77x107 m
Q (I,OOOm) 4 S K

Determine the pressures between B, C, D and E.
Write the Bernoulli’s equation between A and B.

2 2
zA+VL+£=zB+VL+£
26 7 28 7
Q =4, Xy
2
3 40 mm | =©
3.77x107° M/ = —X
% (I,OOOmj 5
vy =3.0m/s
_ GO &
2*9.81 y
B, =—4.50kPa

17

(Negative sign indicates that the pressure is below atmospheric pressure.)

Write the Bernoulli equation between A and C.

2 2
P
z, +i+£:zc +1/L+_C
28 7 28 7

Ue =y : Since pipe diameter is the same

2
3.0m=4.2m+ EA) +—PC
2*%9.81 9.81
P.=-16.27kPa

Similarly, write the Bernoulli equation between A and D.

B/ W S
2 7 2 v
P, =—4.50kPa

Similarly, write the Bernoulli equation between A and E.

P, =24.93kPa
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1.9.2 Summary of the Results of Example

1.

Velocity from nozzle and therefore the volume flow rate delivered
by siphon depends on the elevation difference between the free sur-

face of fluid and the outlet of the nozzle.

. The pressure at point B is below atmospheric pressure even though it

is on the same level as point A, which is exposed to the atmosphere.
Bernoulli’s equation shows that the pressure head at B is decreased
by the amount of the velocity head. That is, some of the energy is

converted.

. The velocity of flow is the same at all points where the pipe size is

the same, when steady flow exists.

. The pressure at point C is the lowest in the system because point C

is at the highest elevation.

. The pressure at point D is the same as that at point B, because both

are on the same elevation and the velocity head at both points is

the same.

. The pressure at point E is the highest in the system because point E

is at the lowest elevation.



CHAPTER 2

General Energy Equation

It was identified in the last chapter that the Bernoulli’s equation has a
few limitations that cannot account for the flow of water through pipes.
In fluid systems, there are different types of devices and components.
These devices and components occur in most fluid-flow systems and
they add energy to the fluid, remove energy from the fluid, or cause un-
desirable losses of energy from the fluid.

In this chapter, pumps, fluid motors, friction losses as fluid flows in
pipes and tubes, energy losses from changes in the size of the flow path,
and energy losses from valves and fittings are discussed.

In later chapters, details about how to compute the amount of energy
losses in pipes and specific types of valves and fittings are discussed. The
method of using performance curves for pumps and to apply them

propertly is discussed in detail.

2.1 Pumps

A pump is a common example of a mechanical device that adds energy to
a fluid. A pump is a device that moves fluids by mechanical action. Pumps
can be classified into three major groups according to the method they use
to move the fluid: direct lift, displacement, and gravity pumps.

An electric motor or some other prime power device drives a rotat-
ing shaft in the pump. The pump then takes this kinetic energy and
delivers it to the fluid, resulting in fluid flow and increased fluid pres-
sure. Pumps operate via many energy sources, including manual opera-
tion, electricity, engines, or wind power, and come in many sizes, from

microscopic for use in medical applications to large industrial pumps.
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2.2  Fluid Motors

Fluid motors, turbines, rotary actuators, and linear actuators are exam-
ples of devices that take energy from a fluid and deliver it in the form of
work, causing the rotation of a shaft or the linear movement of a piston.
The major difference between a pump and a fluid motor is that when
acting as a motor, the fluid drives the rotating elements of the device.
The reverse is true for pumps.

The hydraulic motor shown in Figure 2.1 is often used as a drive for the
wheels of construction equipment and trucks and for rotating components
of material transfer systems, conveyors, agricultural equipment, special
machines, and automation equipment. The design incorporates a stationary
internal gear with a special shape. The rotating component is like an exter-
nal gear, sometimes called a gerotor, which has one fewer teeth than the
internal gear. The external gear rotates in a circular orbit around the center
of the internal gear. High-pressure fluid entering the cavity between the two
gears acts on the rotor and develops a torque that rotates the output shaft.
The magnitude of the output torque depends on the pressure difference
between the input and output sides of the rotating gear. The speed of rota-
tion is a function of the displacement of the motor (volume per revolution)

and the volume flow rate of fluid through the motor.

Case

Gerotor

element ~~ Qutlet

Internal
gear

-~ |nlet Inlet

Crescent

Figure 2.1 Rotor and external gear

2.3  Fluid Friction

A fluid in motion is subject to frictional resistance to flow. Part of the

energy generated by that resistance is converted into thermal energy
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(heat), which is dissipated through the walls of the pipe in which the
fluid is flowing. The magnitude of the energy loss is dependent on the
properties of the fluid, the flow velocity, the pipe size, the smoothness of

the pipe wall, and the length of the pipe.

2.4 Valves and Fittings

Elements that control the direction or flow rate of a fluid in a system
typically set up local turbulence in the fluid, causing energy to be dissi-
pated as heat. Whenever there is a restriction, a change in flow velocity,
or a change in the direction of flow, these energy losses occur. In a large
system, the magnitude of losses due to valves and fittings is usually small
compared with frictional losses in the pipes. Therefore, such losses are
referred to as minor losses.

Energy losses and additions in a system are accounted for in this book
in terms of energy per unit weight of fluid flowing in the system. This is
also known as “head,” as de- scribed in Chapter 6. As an abbreviation for
head, symbol 4 is used for energy losses and additions. Specifically, the

following terms are used throughout the next several chapters:

ha = Energy added to the fluid with a mechanical device such as a
pump; this is often referred to as the total head on the pump

hr = Energy removed from the fluid by a mechanical device such as a
fluid motor

b = Energy losses from the system due to friction in pipes or minor

losses due to valves and fittings

The magnitude of energy losses produced by fluid friction, valves,
and fittings is directly proportional to the velocity head of the fluid.

This can be expressed mathematically as
Z}Z
h =K {—j (2.1)
28

The term K is the resistance coefficient. The value of K for fluid fric-

tion can be determined using the Darcy equation. In the following
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chapters, the various methods of calculating the value of X for many
kinds of valves and fittings, and changes in flow cross section and direc-

tion are provided. Most of these are found from experimental data.

2.5 General Energy Equation

The general energy equation as used in this text is an expansion of Ber-
noulli’s equation, which makes it possible to solve problems in which
energy losses and additions occur. The terms £ and E" denote the en-
ergy possessed by the fluid per unit weight at sections 1 and 2, respec-
tively. The respective energy additions (/a), removals (hr), and losses
(A1) are shown. For such a system, the expression of the principle of

conservation of energy is
E b —h —h =E, 2.2)

Figure 2.2 shows how the terms of this equation are related to a typ-
ical section of a pipe system.
The energy possessed per unit weight is given by the following equation:
2
P
E=z+0+™ (2.3)
287

2
._h v
Ei‘T“t*"z:'

Figure 2.2 Fluid flow system demonstrating the general energy
equation
Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey.
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Substituting the values from Eq. (2.2) into Eq. (2.3) yields the fol-

lowing equation:
zl+£+£—/aL—/oR+/oA=z2+£+£ (2.4)
28 7 28 7

This is the form of the energy equation that is used in this book. As
with Bernoulli’s equation, each term in Eq. (2.4) represents a quantity
of energy per unit weight of fluid flowing in the system. Typical SI units
are N-m/N, or meters. U.S. customary system units are Ib-ft/lb, or feet.

It is essential that the general energy equation be written in the direc-
tion of flow, that is, from the reference point on the left side of the equa-
tion to that on the right side. Algebraic signs are critical because the left
side of Eq. (2.4) states that an element of fluid having a certain amount
of energy per unit weight at section 1 may have energy added (+4a),
energy removed (-/Ar), or energy lost (-/1) from it before it reaches sec-
tion 2. There it contains a different amount of energy per unit weight, as
indicated by the terms on the right side of the equation.

For example, in Figure 2.2, reference points are shown to be points
1 and 2 with the pressure head, elevation head, and velocity head indi-
cated at each point. After the fluid leaves point 1 it enters the pump,
where energy is added. A prime mover such as an electric motor drives
the pump, and the impeller of the pump transfers the energy to the fluid
(+ha). Then the fluid flows through a piping system composed of a
valve, elbows, and the lengths of pipe, in which energy is dissipated
from the fluid and is lost (-/1). Before reaching point 2, the fluid flows
through a fluid motor, which removes some of the energy to drive an
external device (-/r). The general energy equation accounts for all of

these energies.

Example Problem 2.1

Water flows from a large reservoir at the rate of 1.20 ft’/s through a pipe
system as shown in Figure 2.3. Calculate the total amount of energy lost
from the system because of the valve, the elbows, the pipe entrance, and

fluid friction.
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Figure 2.3 Example Problem 2.1
Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey

Step 1. Identify two points in the system with the most number of
known values

Step 2. Points 1 and 2 are identified in the above figure as
Py = 0:Surface of reservoir exposed to the atmosphere
P, = 0: Free stream of fluid exposed to the atmosphere
v1 = 0 (approximately): Surface area of reservoir is large, and
hence it can be assumed to be negligible
ha = hr = 0: No mechanical device in the system

Step 3. Apply the energy equation between points 1 and 2.

p p
z +IL+—1—bL —hy +h, =3, +24 2
2¢ v 28 7y

Step 4. The general energy equation becomes

2
z1+0+0—hL—0+0:z2+yL+0
2g

Step 5. Since the objective is to determine energy loss in the system,

solve for 5.

2
v
/7L = (Zl —Z, _ZL

z,—z, =251t
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Given Q = 1.20 fc’/s and 3-in. diameter pipe is 0.0491 ft*

3
v :g :—120 ft /25 =24.0ft/s
A 0.0491 f
24.0 ft/s)’
= (25f) - L)
2(32.2 ft/s?)

b =25ft—9.25ft
(Ib-fr)
b

h =15.75fc=15.75

Example Problem 2.2

25

The volume flow rate through the pump, as shown in Figure 2.4, is

0.014 m?/s. The fluid being pumped is oil with a specific gravity of 0.86.

Calculate the energy delivered by the pump to the oil per unit weight of

oil flowing in the system. Energy losses in the system are caused by the

check valve and friction losses as the fluid flows through the piping. The

magnitude of such losses has been determined to be 1.86 N-m/N.

B P,=296 kPa
5 ®
W 2-inch Schedule 40 steel
-
pipe
I m
3-inch Schedule 40 steel FLOW
pipe Check
Valve
PA=-28kPa
@ [
PUMP
I A T

Figure 2.4 Example Problem 2.2

Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey.
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Step 1. Objective is to determine the energy delivered by the pump, 5
Step 2. Apply energy equation
v B w B
28 7 28 7
Step 3. Rewrite the equation to solve the unknown A,
(7/52 _UAZ) + (PB _PA)
2 Y

Step 4. Determine specific weight

by = (23 —z,)+

+h +h

g 0.86

}/w = m = 844 kN/m3

}/ =
Step 5. Determine va and s

3
v, :g:—(0.014)m4/s ~=2.94m/s
A, (4768x107)m
_Q _ (0.014)m’ /s

== =6.46mls
A, (2.168%107)m

Step 6. Calculate /s

(6.46* —2.94*) m’ N (296 —(—28)) kN / m*
2*9.81kN/m? 8.44kN /m’
+1.86N-m/N+0

b, =(1.0 m)+

hy=1.0m+1.69m+38.4m+1.86N-m/ m+0
h, =42.9 mor 42.9 N-m/N

That is, the pump delivers 42.9 N-m/N of energy to each newton of oil
flowing through it.

2.6 Power Generated by Pumps

Power is defined as the rate of doing work. In fluid mechanics this
statement can be modified to consider that power is the rate at which
energy is being transferred. The unit for power in the SI system is watt
(W), which is equivalent to 1.0 N-m/s or 1.0 joule (J)/s.
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In Example Problem 2.2 it was determined that the pump was deliv-
ering 42.9 N-m/N of energy to each newton of oil as it flowed through
the pump. To calculate the power delivered to the oil, it is necessary to
determine how many newtons of oil are flowing through the pump in a
given amount of time. This is called the weight flow rate, W, which was
defined in the previous chapter, and is expressed in units of N/s. Power
is calculated by multiplying the energy transferred per newton of fluid
by the weight flow rate. This is

P =hW 2.5)

However, from the previous chapter it was identified that

W=
Therefore
P =hyQ 2.6)
Using the information from Example Problem 2.2
hy=42.9N-m/N

y=8.44 kN/m’ =8.44x10° N/m’
Q=0.014 m*/s

. 3
P, =429 M e g 44100 w0014
N

m s
Pa =5069.0 N-m/s
Because 1.0 W = 1.0 N-m/s, this can be expressed in watts:

Pa =5069 W =5.07 kW

The unit for power in the U.S. customary system is 1b-ft/s. Because
it is common practice to refer to power in horsepower (hp), the conver-

sion factor required is
1 hp =550 Ib-ft/s

In Eq. (2.6) the energy added Aa is expressed in feet of the fluid
flowing in the system. Then, expressing the specific weight of the fluid
in Ib/fc® and the volume flow rate in ft*/s would yield the weight flow
rate. YQ in Ib/s. Finally, in the power equation, P, =4,YQ, power
would be expressed in Ib-ft/s.
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To convert these units to the SI system, the following factors are used:
1.0 Ib-ft/s = 1.356 W
1 hp =745.7 W

2.7 Mechanical Efficiency of Pumps

The term efficiency is used to denote the ratio of the power delivered by
the pump to the fluid to the power supplied to the pump. Because of
energy losses due to mechanical friction in pump components, fluid
friction in the pump, and excessive fluid turbulence in the pump, not all
of the input power is delivered to the fluid. Then, using the symbol ey

for mechanical efficiency

Power delivered to fluid P, (2.7)
e = == .
M Power putinto pump B

The value of em should always be less than 1.0.

Continuing with the data of Example Problem 2.2, calculate the power
input to the pump if ey is known. For commercially available pumps, the
value of ey is published as part of the performance darta. It is assumed that

for the pump in this problem the efficiency is 82 percent, then
Pr = Palev = 5.07/0.82 = 6.18 kW

The value of the mechanical efficiency of pumps depends not only
on the design of the pump, but also on the conditions under which it is

operating, particularly the total head and the flow rate.

2.8 Power Delivered to Fluid Motors

The energy delivered by the fluid to a mechanical device such as a fluid
motor or a turbine is denoted in the general energy equation by the term
hr. This is a measure of the energy delivered by each unit weight of fluid
as it passes through the device. The power delivered is found by multi-
plying /r by the weight flow rate, W.

P, =hQ (2.8)

where P is power delivered by the fluid to the fluid motor.
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2.9 Mechanical Efficiency of Fluid Motors

As was described for pumps, energy losses in a fluid motor are produced
by mechanical and fluid friction. Therefore, not all the power delivered
to the motor is ultimately converted to power output from the device.

Mechanical efficiency is then defined as

_ Power output from motor _ P

== 2.
Power delivered by fluid 7 @9)

Here again the value of ey should be less than 1.0.

Example Problem 2.3

Water at 10 °C is flowing at a rate of 115 L/min through the fluid mo-
tor, as shown in Figure 2.5.

The pressure at A is 700 kPa and the pressure at B is 125 kPa. It is
estimated that due to friction in the piping there is an energy loss of
4 N-m/N of water flowing. (1) Calculate the power delivered to the flu-
id motor by the water. (2) If the mechanical efficiency of the fluid mo-

tor is 85 percent, calculate the power output.

ot -+ st

Figure 2.5 Example Problem 2.3
Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey.
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by =(1.8 m)+

HYDRAULIC ENGINEERING

Step 1. Objective is to determine the energy delivered by the pump, /s
Step 2. Apply energy equation

Step 3. Rewrite the equation to solve the unknown, /a

(7/A2 _7/52)+(PA_PB)_

by = (2, —23)+ h
2g Y
Step 4. Determine pressure head
_ _ 3 2
(P, -B) _ (700 1253(10 N /3m ss6m
14 9.81*10° kN / m
Step 5. Determine v, and s
3
Q —(115.0L / min)*— 0 95107 s

(60,000 L/min)

* -3 3
b= L IO W _sg
A, (4.909%10) m

=ﬁ=0.43m/s
(4.418*107)m

vy =

Q 1.92*%107 m’ /s
AB

Step 6. Given /= 4.0 N-m/N
Step 7. Calculate Ar

(3.91° —0.43%) m*
2*9.81kN/m’

by =1.8 m+0.77m+58.6m —4.0N-m/m

+58.6m —4.0N-m/N

hy =57.2 m

Step 8. Calculate Pr

3
Py=hyQ =(57.2m)* (9.81%107 )= *1.92 10" ™ = 1080 N.am/s
m

N

P, =1.08kW
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Step 9. Calculate the power output
Efficiency (em) is given as 85% = 0.85.
Pr is determined as 1.08 kW.

P, is calculated as follows:

L,
ey =

I
Po=1 *ey

P =0.85%1.08=0.92 kW






CHAPTER 3

Types of Flow and Loss Due
to Friction

Fluid flow in circular and noncircular pipes is commonly encountered
in practice. Water in a city is distributed by extensive piping networks.
Oil and natural gas are transported hundreds of miles by large pipelines.
Blood is carried throughout our bodies by arteries and veins. The cool-
ing water in an engine is transported by hoses to the pipes in the radia-
tor where it is cooled as it flows. Thermal energy in a hydronic space
heating system is transferred to the circulating water in the boiler, and
then it is transported to the desired locations through pipes.

Fluid flow is classified as external and internal, depending on whether
the fluid is forced to flow over a surface or in a conduit. Internal and
external flows exhibit very different characteristics. In this chapter, inter-
nal flow where the conduit is completely filled with the fluid and the
flow is driven primarily by a pressure difference is explained. This should
not be confused with open-channel flow where the conduit is partially
filled by the fluid and thus the flow is partially bounded by solid surfaces,

as in an irrigation ditch, and flow is driven by gravity alone.

3.1 Reynolds Number

Reynolds number (Ng) is a dimensionless quantity that is used to help
distinguish the different flow patterns in the pipe flow. The main types

of flow in pipes are

a. Laminar flow
b. Turbulent flow

c. Critical flow
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It has been demonstrated that the character of flow in a round pipe
depends on four variables: fluid density yoX fluid viscosity 4, pipe diame-
ter D, and average velocity of flow v. Osborne Reynolds was the first to
demonstrate that laminar or turbulent flow can be predicted if the mag-
nitude of a dimensionless number, now called the Reynolds number

(Ng), is known. It is defined by the equation

_wp _vD

N
R U 5

(3.1)

As kinematic viscosity ¥#="—, the variation in the formula occurs.

The Reynolds number is the ratio of the inertia force on an element
of fluid to the viscous force. The inertia force is developed from New-
ton’s second law of motion, F = ma.

Flows having large Reynolds numbers, typically because of high
velocity and/or low viscosity, tend to be turbulent. Those fluids having
high viscosity and/or moving at low velocities will have low Reynolds
numbers and will tend to be laminar. The following section gives some
quantitative data with which to predict whether a given flow system will
be laminar or turbulent.

For practical applications in pipe flow, if the Reynolds number for the
flow is less than 2,000, the flow will be laminar. If the Reynolds number is
greater than 4,000, the flow can be assumed to be turbulent. In the range
of Reynolds numbers between 2,000 and 4,000, it is impossible to predict
which type of flow exists; therefore, this range is called the critical region.
Typical applications involve flows that are well within the laminar flow
range or well within the turbulent flow range, so the existence of this re-
gion of uncertainty does not cause great difficulty. If the flow in a system
is found to be in the critical region, the usual practice is to change the
flow rate or pipe diameter to cause the flow to be definitely laminar or
definitely turbulent. More precise analysis is then possible.

When Nr is greater than about 4,000, a minor disturbance of the
flow stream will cause the flow to suddenly change from laminar to tur-
bulent. Therefore, for practical applications in this book, the following

assumption is made:
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If Nr < 2,000, the flow is laminar.
If Nr > 4,000, the flow is turbulent.

3.2 Laminar Flow

As the water flows from a faucet at a very low velocity, the flow appears
to be smooth and steady. The stream has a fairly uniform diameter and
there is little or no evidence of mixing of the various parts of the stream.
This is called laminar flow, a term derived from the word layer, because
the fluid appears to be flowing in continuous layers, with little or no
mixing from one layer to the adjacent layers. Laminar flow is a flow re-
gime wherein mixing is characterized by high-momentum diffusion and
low-momentum convection.

When laminar flow exists, the fluid seems to flow as several layers,
one on another. Because of the viscosity of the fluid, a shear stress is
created between the layers of fluid. Energy is lost from the fluid by the
action of overcoming the frictional forces produced by the shear stress.
Because laminar flow is so regular and orderly, a relationship between
the energy loss and the measurable parameters of the flow system can be

derived. This relationship is known as the Hagen—Poiseuille equation:

_32ulv

h D

3.2)
b = energy loss

# = dynamic viscosity

L = length of pipe

D = diameter for pipe

y = specific weight of fluid

It should be noted that the Hagen—Poiseuille equation is valid only
for laminar flow (Nr < 2,000).

3.3 Turbulent Flow

Turbulent flow is a flow regime characterized by chaotic property changes.
This includes low-momentum diffusion, high-momentum convection,

and rapid variation of pressure and flow velocity in space and time.
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Although there is no theorem relating the Reynolds number (Ng) to
turbulence, flows at Reynolds numbers larger than 4,000 are typically
turbulent. In this case, the energy losses in the energy equation are given
by the Darcy equation:

2
Y

L
h=f*— 3.3
L =f D 2g (3.3)
b = energy loss due to friction
f = friction factor
D = diameter of pipe
v = velocity of fluid

g = acceleration due to gravity

For turbulent flow of fluids in circular pipes it is most convenient to
use Darcy’s equation to calculate the energy loss due to friction. Turbu-
lent flow is rather chaotic and is constantly varying. For these reasons
experimental data are used to determine the value of £ Tests have shown
that the dimensionless number f'is dependent on two other dimension-
less numbers, the Reynolds number and the relative roughness of the
pipe. The relative roughness is the ratio of the pipe diameter D to the
average pipe wall roughness g (Greek letter epsilon). Figure 3.1 illus-
trates pipe wall roughness (exaggerated) as the height of the peaks of the
surface irregularities. The condition of the pipe surface is very much
dependent on the pipe material and the method of manufacture. Be-

cause the roughness is somewhat irregular, averaging techniques are used

to measure the overall roughness value.

Y

N

Figure 3.1 Pipe wall roughness
Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey.)
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For commercially available pipe and tubing, the design value of the av-
erage wall roughness ¢ has been determined as shown in Table 3.1. These
are only average values for new, clean pipe. Some variation should be ex-
pected. After a pipe has been in service for a time, the roughness could
change due to the formation of deposits on the wall or due to corrosion.

Glass tubing has an inside surface that is virtually hydraulically
smooth, indicating a very small value of roughness. Therefore, the rela-
tive roughness, D/g approaches infinity. Plastic pipe and tubing are
nearly as smooth as glass, and the values of roughness are listed in the
table; however, variations should be expected. Copper, brass, and some
steel tubing are drawn to its final shape and size over an internal man-
drel, leaving a fairly smooth surface. For standard steel pipe (such as
Schedule 40 and Schedule 80) and welded steel tubing, the roughness
value is listed for commercial steel or welded steel. Galvanized iron has a
metallurgically bonded zinc coating for corrosion resistance. Ductile
iron pipe is typically coated on the inside with a cement mortar for cor-

rosion protection and to improve surface roughness.

Table 3.1 Pipe roughness—design values

Material Roughness ¢ (m) | Roughness ¢ (ft)
Glass Smooth Smooth

Plastic 3x107 1x10°

Drawn tubing, copper, brass, steel 1.5%x 107 5x 107

Steel, commercial or welded 4.6x 107 1.5%x 10
Galvanized iron 1.5x10™* 5x 107

Ductile iron, coated 1.2x107 4 x10™*

Ductile iron, uncoated 2.4 x107* 8§x 10

Concrete, well made 1.2 x 107 4x 107

Riveted steel 1.8x107° 6x107

3.4 Moody Diagram

One of the most widely used methods for evaluating the friction factor
employs the Moody diagram shown in Figure 3.2. The diagram shows
the friction factor f plotted versus the Reynolds number Ng, with a se-
ries of parametric curves related to the relative roughness D/& Both f
and N are plotted on logarithmic scales because of the broad range of
values encountered. At the left end of the chart, for Nr < 2,000, the
straight line shows the relationship /= 64/Ng for laminar flow. For
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2,000 < Nr < 4,000, no curves are drawn because this is the critical zone
between laminar and turbulent flow, and it is not possible to predict the
type of flow. The change from laminar to turbulent flow resules in val-
ues for friction factors within the shaded band. Beyond Ng = 4,000, the
family of curves for different values of D/€ is plotted. Several important

observations can be made from these curves:

i. For a given Reynolds number of flow, as the relative roughness
Dl gis increased, the friction factor fdecreases.

ii. For a given relative roughness D/g the friction factor fdecreases
with increasing Reynolds number until the zone of complete
turbulence is reached.

iii. Within the zone of complete turbulence, the Reynolds number
has no effect on the friction factor.

iv. As the relative roughness D/¢ increases, the value of the Reyn-
olds number at which the zone of complete turbulence begins

also increases.

Figure 3.2 is a simplified sketch of Moody’s diagram on which the
various zones are identified. The laminar zone at the left has already
been discussed. At the right of the dashed line downward across the dia-
gram is the zone of complete turbulence. The lowest possible friction
factor for a given Reynolds number in turbulent flow is indicated by the
smooth pipes line.

Between the smooth pipes line and the line marking the start of the
complete turbulence zone is the transition zone. Here, the various D/¢g
lines are curved, and care must be exercised to evaluate the friction fac-
tor properly. As shown in the example, the value of the friction factor
for a relative roughness of 500 decreases from 0.0420 at Nr = 4,000 to
0.0240 at Ng = 6.0 x 10°, where the zone of complete turbulence starts.

Table 3.2 Example values to determine friction factor

Nk D/e f
6.7 x10° 150 0.0430
1.6 x 10* 2,000 0.0284
1.6 x 10° 2,000 0.0171
2.5x10° 733 0.0233

Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey
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3.5 Friction Factor Equations

The Moody diagram in Figure 3.2 is a convenient and sufficiently accu-
rate means of determining the value of the friction factor when solving
problems by manual calculations. However, additional equations are
often used to determine the friction factor.

In the laminar flow zone, for values below 200, the friction factor

can be found from the equation

P

N, (3.4)

This relationship, developed in Figure 3.2, plots in the Moody dia-
gram as a straight line on the left side of the chart. Of course, for Reyn-
olds numbers from 2,000 to 4,000, the flow is in the critical range and
it is impossible to predict the value of £

The value of the friction factor for turbulent flow can be determined by

0.25
f = 2
1 5.74 (3.5)
log R
3.7(13] Nk
£

The value determined from Eq. (3.5) will be similar to the value

from the Moody diagram shown in Figure 3.2.

Example Problem 3.1

In a chemical processing plant, benzene at 50 °C (s.g. = 0.86) must be
delivered to point B with a pressure of 550 kPa. A pump is located at
point A, 21 m below point B, and the two points are connected by 240 m
of plastic pipe having an inside diameter of 50 mm. If the volumetric flow
rate is 110 L/min, calculate the required pressure at the outlet of the

pump (Figure 3.3).

Step 1. Apply the energy equation between A and B
P > P
PN St Sy Sy A L
g 7 2g 7
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pg =550 kPa

Plastic pipe
D = 50 mm
L=240m

Pr=?
Figure 3.3 Example Problem 3.1

Step 2.

i. Velocity will be the same between the two points as the diameter
of the pipe does not change.

ii. No energy added between the two points; hence /a=0

iii. No energy removed between the two points; hence Ar=0

Rewrite energy equation to solve for Pa

vi-v,> P
PAZ{(‘ZB_‘ZA)—l_ . = +_B+/7L}*7

2g /4
Step 3.
z8-2a=+21m
3
Q=110 1M g3e107mis

min (60, 000 L/rnin)

For a 50-mm diameter pipe, D = 0.050 m and 4 = 1.963 x 10~ m?

Q _1.83*107m’/s
A 1.963*107 m’

=0.932m/s

For benzene at 50 °C with a specific gravity = 0.86

kg kg

m m
U=42%10" Pa-s

(0.932)(0.050)(860)
42*107

R

N, =9.54*10"
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From Table 3.1, a plastic pipe’s roughness is £ =3.0 x 1077

D .
D_000m _y 667410
£ 3.0%10

From Moody diagram: /= 0.018

Step 4. Determine /41, from Darcy’s equation

2 2
ho= frla ¥ o018+ 240 . (09327
D 2g 0.015 2%9.81
hL=3.83m
Step 5. Solve for Py
550 1
P, ={(21 m)+=—"-+3.83;*9.81
A {( Ay I

Pa =759 kPa

3.6 Hazen—Williams Formula

The Darcy equation presented in this chapter for calculating energy loss due
to friction is applicable for any Newtonian fluid. An alternate approach is
convenient for the special case of the flow of water in pipeline systems.

The Hazen—Williams formula is one of the most popular formulas
for the design and analysis of water systems. Its use is limited to the flow
of water in pipes larger than 2 in. and smaller than 6 ft in diameter. The
velocity of flow should not exceed 10 ft/s. Also, it has been developed
for water at 60 °F. Use at temperatures much lower or higher would
result in some error.

The Hazen—Williams formula is unit-specific. In the U.S. customary

unit system it takes the form
v=1.32C,R""s"" (3.6)

where

v = average velocity (ft/s)

G, = Hazen—Williams coefficient (dimensionless)

R = hydraulic radius of flow conduit (ft) = cross-sectional
area/wetted perimeter

s = ratio of Ai/L: energy loss/length of conduit
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The use of the hydraulic radius in the formula allows its application

to noncircular sections as well as circular pipes. Use R = D/4 for circular

pipes. The coefficient G is dependent only on the condition of the sur-

face of the pipe or conduit. Table 3.3 gives typical values. Note that some

values are described as for pipe in new, clean condition, whereas the de-

sign value accounts for the accumulation of deposits that develop on the

inside surfaces of pipe after time, even when clean water flows through

them. Smoother pipes have higher values of Ci, than rougher pipes.

Table 3.3 Hazen—Williams Coefficient, C,

Ch
Average for Design

Type of Pipe New, Clean Pipe Value
Steel, ductile iron, or cast iron with
centrifugally applied cement or
bituminous lining 150 140
Plastic, copper, brass, glass 140 130
Steel, cast iron, uncoated 130 100
Concrete 120 100
Corrugated steel 60 60

The Hazen—Williams formula for ST units is
v=0.85C, R*¥s*** (3.7)

Example Problem 3.2

For what velocity of flow of water in a new, clean, 6-in. Schedule 40 steel

pipe would an energy loss of 20 ft of head occur over a length of 1,000 ft?

Compute the volumetric flow rate at that velocity. Then refigure the

velocity using the design value of G, for steel pipe.

Solution:

Part a:

Step 1.
Step 2.
Step 3.
Step 4.

Step 5.

v=1.32 ChRO‘“SO‘54

s = h/L = (20)/(1,000 ft)= 0.02

R = DI4 = (0.5054)/4 = 0.126 ft

G =130

»=1.32(130)(0.126)"% (0.02)"™" = 5.64ft/s
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Step 6. Q= Av=(0.2006 {t?)(5.64 ft/s) = 1.13 ft’/s

Part b: Reconfigure for design value
Ci =100 (design value)

The allowable volume flow rate to limit the energy loss to the same
value of 20 ft per 1,000 ft of pipe length would be
v =15.64 ft/s (100/130) = 4.34 ft/s

Q = Av = (0.2006 ft*)(4.34 ft/s) = 0.869 ft/s

3.7 Nomograph for Solving Hazen—Williams Equation

The nomograph shown in Figure 3.4 allows the solution of the Hazen—
Williams formula to be done by aligning known quantities with a
straight edge and reading the desired unknowns at the intersection of

the straight edge with the appropriate vertical axis.

=
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0.250 =9 1100 _«E a“ =8 0.8~ 0.250
0.225 1000 1 40 —0.10
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IE 900 136 —0.15 0%
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600 0.4 I
: L2 Fos L
0080 £ * 00T o7 us0ss
0070 F-25 | 08 Toso
416 1.0 ]
oo 400 L
- I L 1s 1055
0.050 =~ T o6
. gﬁ s 300 T 12 20 2 20—
&0 2 r x 1
§ oo < £ £ -0 2 ]
i 0, i 8 asol0 K L = +-o
E E ™7, = -0 8 E 7o ¢
E o100 2 5 Tso 5 Fso T & 257 g
S ooosE09 5 E a0 Feo L2 Ios
£ 0¥ - E 10 § ci% 3° + 2
£ 2. & 175 b4 .0 4
5 o007 3 A~ ¢ C99% 5 300
06 e 3 110
o01s I e [0 ELE I
03 125450 ~J 2 T
L | - 412
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! ot o o315
0.007 - 0.25 30 — 50 501 %
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0.006 0.2 25 — &D:‘ 1.8
Example: 0.005 60 =+
Given: 6-in Schedule 40 B 150 G'S_TZ'O
stecl pipe 0.3 - 24 3
C,=100 0.004 so—2¢ | 200 7.0
5= /1000 f = 20 . 254
Result: Allowable 300 80—
velocity = 4.3 fuis 0003 ¢ - b

Figure 3.4 Nomograph for Hazen—Williams equation
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Example Problem 3.3

Specify the required size of Schedule 40 steel pipe to carry 1.20 ft’/s of
water with no more than 4.0 ft of head loss over a 1,000-ft length of
pipe. Use the design value for G,

Solution:

Table 3.3 suggests C, = 100. Using Figure 3.4, place a straight edge
from Q = 1.20 ft’/s on the volume flow rate line to the value of s = 4.0
£t/1,000 ft on the energy loss line. The straight edge then intersects the
pipe size line at approximately 9.7 in. The next larger standard pipe size
listed in Appendix C is the nominal 10-in. pipe with an inside diameter
of 10.02 in.

Returning to Figure 3.4 and slightly realigning Q = 1.20 ft’/s with
D =10.02 in., an average velocity of v = 2.25 ft/s. This is relatively low
for a water distribution system, and the pipe is quite large. If the pipe-
line is long, the cost for piping would be excessively large.

Hence, allow the velocity of flow to increase to approximately 6.0
ft/s for the same volume flow rate; use Figure 3.4 to show that a 6-in.
pipe could be used with a head loss of approximately 37 ft per 1,000 ft
of pipe. The lower cost of the pipe (in comparison with the 10-in. pipe)
would have to be compared with the higher energy cost required to

overcome the additional head loss.






CHAPTER 4

Minor Losses

Energy losses are proportional to the velocity head of the fluid as it flows
around an elbow, through an enlargement or contraction of the flow
section, or through a valve. Experimental values for energy losses are

usually reported in terms of a resistance coefficient X as follows:

h =K (;—g} 4.1)

In Eq. (4.1), /v is the minor loss, K is the resistance coefficient, and
v is the average velocity of flow in the pipe in the vicinity where the mi-
nor loss occurs. In some cases, there may be more than one velocity of
flow, as with enlargements or contractions. It is most important to know
which velocity is to be used with each resistance coefficient.

The resistance coefficient is dimensionless because it represents a
constant of proportionality between the energy loss and the velocity
head. The magnitude of the resistance coefficient depends on the geom-
etry of the device that causes the loss and sometimes on the velocity of
flow. In the following sections, the process for determining the value of
K and for calculating the energy loss for many types of minor loss condi-
tions will be described.

As in the energy equation, the velocity head +*/2¢ in Eq. (4.1) is typ-
ically in the SI units of meters (or N-m/N of fluid flowing) or in the
U.S. customary units of feet (or ft-Ib/lb of fluid flowing). Because X is
dimensionless, the energy loss has the same units.

The different types of minor losses are the following:

1. Sudden enlargement
2. Gradual enlargement
3. Sudden contraction

4. Gradual contraction
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5. Entrance loss

6. Exit loss

7. Resistance coefficient for valves and fittings
8. Pipe bends

4.1 Sudden Enlargement

As a fluid flows from a smaller pipe into a larger pipe through a sudden
enlargement, its velocity abruptly decreases, causing turbulence, which
generates an energy loss (Figure 4.1(a) and (b)). The amount of turbu-
lence, and therefore the amount of energy loss, is dependent on the ratio
of the sizes of the two pipes.

The minor loss is calculated from the equation

h =K (iJ (4.2)
2g

Here v is the average velocity of flow in the smaller pipe ahead of the
enlargement. Tests have shown that the value of the loss coefficient K is
dependent on both the ratio of the sizes of the two pipes and the magni-
tude of the flow velocity. This is illustrated graphically in Figure 4.2 and
in tabular form in Table 4.1.

By making some simplifying assumptions about the character of the
flow stream as it expands through the sudden enlargement, it is possible

to analytically predict the value of K from the following equation:
K=1[1-(Ai/A2)?* = [1-(Di/D)4?)] (4.3)

The subscripts 1 and 2 refer to the smaller and larger sections, respec-
tively, as shown in Figure 4.1. Values for X from this equation agree well

with experimental data when the velocity 1 is approximately 1.2 m/s

; . .
v, P 3 ——> P
e — E— ‘—S\'}T\ 3
a g — e 1 ~ )
J \—)—lLL

(a) (b)

Figure 4.1 Sudden enlargement
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(4 ft/s). At higher velocities, the actual values of K are lower than the

theoretical values. We recommend that experimental values be used if the

velocity of flow is known.

1.0
0'9 o -
vy = 0.6 mv's (2 ft's) - =
08 —t -
— v, = 1.2 mis (4 1¥5) - -
(also th jcal values) 7 e
e —
0.7 A 7 - P i~ <
4 -
vy =3 mds (10 fi's) > yd ‘:C =
vy = 12 m/s (40 fufs )
= 0.6 ji < Y |! L
g 7 L vy =9 m/s (30 fi/s)
11 2z ,/ 1 i l
8 s 17 27 ¥y =S (0 2
So.
E 7
g wri's /4
£ o4
17,
03 777
z
nz-—l
0.1
i
0
1.0 20 30 40
Diameter ratio D,/ D,

Figure 4.2 Resistance coefficient—sudden enlargement

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

Table 4.1 Resistance coefficient—sudden enlargement

Velocity U,

0.6m/fs | 1.2m/s 3 m/s 4.5m/s 6 m/s 9m/s 12 m/s

D:2/D1 2 ftls 4 ftls 10 ft/s 15ft/ls | 20ft/ls | 30ftls | 40 ft/s
1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.2 0.11 0.10 0.09 0.09 0.09 0.09 0.09
1.4 0.26 0.25 0.23 0.22 0.22 0.21 0.20
1.6 0.40 0.38 0.38 0.34 0.33 0.32 0.32
1.8 0.51 0.48 0.45 0.43 0.42 0.41 0.40
2.0 0.60 0.56 0.52 0.51 0.50 0.48 0.47
2.5 0.74 0.70 0.65 0.63 0.62 0.60 0.58
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Velocity U,

0.6m/s | 1.2m/s 3 mfs 4.5 mfs 6 mfs 9 m/s 12 m/s

D:/D: 2 ft/s 4 ft/s 10 ft/s 15 fi/s 20 ft/s 30 ft/s 40 ft/s
3.0 0.83 0.78 0.73 0.70 0.69 0.67 0.65
4.0 0.92 0.87 0.80 0.78 0.76 0.74 0.72
5.0 0.96 0.91 0.84 0.82 0.80 0.77 0.75
10.0 1.00 0.96 0.89 0.86 0.84 0.82 0.80
o 1.00 0.98 0.91 0.88 0.86 0.83 0.81

Source: King, H.-W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hll; Table 6-7.

4.2 Gradual Enlargement

If the transition from a smaller to a larger pipe can be made less abrupt
than the square-edged sudden enlargement, the energy loss is reduced.
This is normally done by placing a conical section between the two
pipes as shown in Figure 4.3. The sloping walls of the cone tend to
guide the fluid during the deceleration and expansion of the flow
stream. Therefore, the size of the zone of separation and the amount of
turbulence are reduced as the cone angle is reduced.
The energy loss for a gradual enlargement is calculated from

2

Z (4.4)

v

h =K

where v, is the velocity in the smaller pipe ahead of the enlargement.
The magnitude of K'is dependent on both the diameter ratio D,/D; and

the cone angle 6. Data for various values of @ and D,/D; are given in
Figure 4.4 and Table 4.2.

Figure 4.3 Gradual enlargement
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Figure 4.4 Resistance coefficient—gradual enlargement
Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

Table 4.2 Resistance coefficient—gradual enlargement

Angle of Cone U

DD | 2° 6° 10° | 15° | 20° | 25° | 30° | 35° | 40° | 45° | 50° | 60°

1.1 0.01 | 0.01 | 0.03 | 0.05 | 0.10 | 0.13 | 0.16 | 0.18 | 0.19 | 0.20 | 0.21 | 0.23

1.2 0.02 | 0.02 | 0.04 | 0.09 | 0.16 | 0.21 | 0.25 | 0.29 | 0.31 | 0.33 | 035 | 0.37

14 002 ] 0.03 | 0.06 | 0.12 | 0.23 | 0.30 | 0.36 | 041 | 044 | 047 | 0.50 | 0.53

1.6 0.03 | 0.04 | 0.07 | 0.14 | 0.26 | 035 | 0.42 | 047 | 0.51 | 0.54 | 0.57 | 0.61

1.8 0.03 | 0.04 | 0.07 | 0.15 | 0.28 | 0.37 | 0.44 | 0.50 | 0.54 | 0.58 | 0.61 | 0.65

2.0 0.03 | 0.04 | 0.07 | 0.16 | 0.29 | 038 | 0.46 | 0.52 | 0.56 | 0.60 | 0.63 | 0.68

2.5 0.03 | 0.04 | 0.08 | 0.16 | 0.30 | 0.39 | 0.48 | 0.54 | 0.58 | 0.62 | 0.65 | 0.70

3.0 0.03 | 0.04 | 0.08 | 0.16 | 0.31 | 0.40 | 0.48 | 0.55 | 0.59 | 0.63 | 0.66 | 0.71

0 0.03 | 0.05 | 0.08 | 0.16 | 0.31 | 0.40 | 0.49 | 0.56 | 0.60 | 0.64 | 0.67 | 0.72

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill, Table 6-8.
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The energy loss calculated from Eq. (4.4) does not include the loss
due to friction at the walls of the transition. For relatively steep cone
angles, the length of the transition is short, and therefore, the wall fric-
tion loss is negligible. However, as the cone angle decreases, the length
of the transition increases and wall friction becomes significant. Taking
both wall friction loss and the loss due to the enlargement into account,

the minimum energy loss with a cone angle of about 7° is obtained.

4.2.1 Diffuser

Another term for an enlargement is a diffuser. The function of a diffuser
is to convert kinetic energy (represented by the velocity head, #*/2¢) to
pressure energy (or otherwise called pressure head, p/y) by decelerating
the fluid as it flows from the smaller to the larger pipe. The diffuser can
be either sudden or gradual, but the term is most often used to describe
a gradual enlargement.

An ideal diffuser is one in which no energy is lost as the flow decel-
erates. Of course, no diffuser performs in the ideal fashion. If it did, the
theoretical maximum pressure after the expansion could be computed

from Bernoulli’s equation,

> P > P
z, JrUL+—A=zB + 4 b
26 7 26 7

If the diffuser is horizontal, the elevation terms get cancelled out. Then

pressure recovery for an ideal diffuser is calculated from the equation,
v~y
Ap=FH—F = y(—" . j (4.5)
28

In a real diffuser, energy losses do occur and the general energy equa-

tion must be used:

2 2
v P v P
ZA+L+_A_}1L =ZB+L+—B

2¢ 7 2¢ 7

The pressure increases and becomes

_ 2
Ap=D,—D, = 7{[M] —h} (4.6)
2g
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4.3 Sudden Contraction

The energy loss due to a sudden contraction, such as that sketched in
Figure 4.5, is calculated from

2
b o=K| 2 (4.7)
2
Here v; is the velocity in the small pipe downstream from the contrac-
tion. The resistance coefficient K is dependent on the ratio of the sizes of
the two pipes and on the velocity of flow, as Figure 4.6 and Table 4.3

show.

Figure 4.5 Sudden contraction

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

0.5
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Figure 4.6 Resistance coefficient—sudden contraction

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.
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1/2
ho=k| 2
L 2g

Vena contracta

Turbulence zones

Figure 4.7 Vena contracta formed in a sudden contraction

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

The mechanism by which energy is lost due to a sudden contraction
is quite complex. Figure 4.7 illustrates what happens as the flow stream
converges. The lines in the figure represent the paths of various parts of
the flow stream called streamlines. As the streamlines approach the con-
traction, they assume a curved path and the total stream continues to
neck down for some distance beyond the contraction. Thus, the effec-
tive minimum cross section of the flow is smaller than that of the smaller
pipe. The section where this minimum flow area occurs is called the
vena contracta. Beyond the vena contracta, the flow stream must decel-
erate and expand again to fill the pipe. The turbulence caused by the

contraction and the subsequent expansion generates the energy loss.

4.4 Gradual Contraction

The energy loss in a contraction can be decreased substantially by making
the contraction more gradual. Figure 4.8 shows such a gradual contrac-
tion formed by a conical section between the two diameters with sharp

breaks at the junctions. The angle @is called the cone angle.
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Figure 4.8 Gradual contraction

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

Figure 4.9 shows the data for the resistance coefficient versus the
diameter ratio for several values of the cone angle. The energy loss is com-
puted from Eq. (4.7), where the resistance coefficient is based on the
velocity head in the smaller pipe after the contraction. These data are for
Reynolds numbers greater than 1 x 10°. Note that for angles over the
wide range of 15° to 40°, K'= 0.05 or less, a very low value. For angles as
high as 60°, K'is less than 0.08.

As the cone angle of the contraction decreases below 15° the
resistance coefficient actually increases, as shown in Figure 4.10. The
reason is that the data include the effects of both the local turbulence
caused by flow separation and pipe friction. For the smaller cone angles,
the transition between the two diameters is very long, which increases

the friction losses.
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Figure 4.9 Resistance coefficient—gradual contraction with 8 >15°

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.
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Figure 4.10 Resistance coefficient—gradual contraction with 8 <15°

Source: King, H.-W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.
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4.5 Entrance Loss

A special case of a contraction occurs when a fluid flows from a relatively
large reservoir or tank into a pipe. The fluid must accelerate from a neg-
ligible velocity to the flow velocity in the pipe. The ease with which the
acceleration is accomplished determines the amount of energy loss, and
therefore, the value of the entrance resistance coefficient is dependent on
the geometry of the entrance.

Figure 4.11 shows four different configurations and the suggested
value of K for each. The streamlines illustrate the flow of fluid into the
pipe and show that the turbulence associated with the formation of a

vena contracta in the tube is a major cause of the energy loss.

Here v, is the velocity of flow in the pipe.

B

Use K= 0.5

Rounded inlet

Figure 4.11 Entrance resistance coefficient

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.



MINOR LOSSES 59

In summary, after selecting a value for the resistance coefficient from
Figure 4.11, the energy loss at an entrance can be calculated from

2
v

h =K| =2 (4.8)
2g

4.6 Exit Loss

As a fluid flows from a pipe into a large reservoir or tank, as shown in Fig-
ure 4.12, its velocity is decreased to very nearly zero. In the process, the
kinetic energy that the fluid possessed in the pipe, indicated by the velocity
head »1%/2g, is dissipated. Therefore, the energy loss for this condition is

2
el

h =K
L 2¢

(4.9)
This is called the exit loss. The value of K'= 1 is used regardless of

the form of the exit where the pipe connects to the tank wall.

4.7 Resistance Coefficients for Valves and Fittings

Many different kinds of valves and fittings are available from several man-
ufacturers for specification and installation into fluid flow systems. Valves
are used to control the amount of flow; and they may be globe valves,
angle valves, gate valves, butterfly valves, any of several types of check
valves, and many more. Fittings direct the path of flow or cause a change
in the size of the flow path, and these can include elbows of several de-

signs, tees, reducers, nozzles, and orifices. See Figures 4.13 and 4.14.

Figure 4.12 Exit loss as the fluid flows into a static reservoir

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.
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A

K =30 K =20 K = 16f;
(n) 90° elbow (b) 90° long radius efbow {c) 45° elbow
K = 50f, K =260, K = 30f,
(d) 90° street elbow  (e) 45° street elbow {f) Retum bend

Figure 4.13 Pipe elbows
Source: Crane Valves, Signal Hill, CA.

SRS

S

L U
K =2
(a) Flow through run

~

J L']
A
——
K = 60f;
(b} Flow through branch

Figure 4.14 Standard tees
Source: Crane Valves, Signal Hill, CA.

It is important to determine the resistance data for the particular
type and size chosen, because the resistance is dependent on the geome-
try of the valve or fitting. Also, different manufacturers may report data
in different forms.

Energy loss incurred as fluid flows through a valve or fitting is com-
puted from Eq. (4.10), as used for the minor losses already discussed.
However, the method of determining the resistance coefficient K is dif-

ferent. The value of K is reported in the form
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K=f (%) (4.10)

The value of L/D, called the equivalent length ratio, is reported in
Table 4.4, and it is considered to be constant for a given type of valve or
fitting. The value of L. is called the equivalent length and is the length
of straight pipe of the same nominal diameter as the valve that would
have the same resistance as the valve. The term D is the actual inside
diameter of the pipe.

The term fr is the friction factor in the pipe to which the valve or
fitting is connected, taken to be in the zone of complete turbulence.
Note in Figure 3.2, the Moody diagram, that the zone of complete tur-
bulence lies in the far right area where the friction factor is independent
of Reynolds number. The dashed line running generally diagonally
across the diagram divides the zone of complete turbulence from the
transition zone to the left.

Values for fr vary with the size of the pipe and the valve, causing the
value of the resistance coefficient K to also vary. Table 4.5 lists the val-
ues of fr for standard sizes of new, clean, commercial steel pipes.

Some system designers prefer to compute the equivalent length of
pipe for a valve and combine that value with the actual length of pipe.
Equation (4.10) can be solved for L.:

KD

L = [—] (4.11)
fr

Table 4.4 Resistance in valves and fittings expressed as equivalent

length in pipe diameters, L./D

Equivalent Length in Pipe
Type Diameters L./D

Globe valve—fully open 340
Angle valve—fully open 150
Gate valve—fully open 8
—% open 35

—V3 open 160

—V% open 900

Check valve—swing type 100
Check valve—ball type 150
Butterfly valve—fully open, 2-8 in 45
—10-14 in 35
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Equivalent Length in Pipe
Type Diameters L./D

—16-24in 25

Foot valve—poppet disc type 420
Foot valve—hinged disc type 75
90° standard elbow 30
90° long radius elbow 20
90° street elbow 50
45° standard elbow 16
45° street elbow 26
Close return bend 50
Standard tee—with flow through run 20
—with flow through branch 60

Source: Crane Valves, Signal Hill, CA.

Table 4.5 Friction factor in zone of complete turbulence for new,
clean, commercial steel pipes

Nominal Friction Nominal Friction
Pipe Size (in) Factor fr Pipe Size (in) Factor fr
123 0.027 3.4 0.017
Y 0.025 5 0.016
1 0.023 6 0.015
1% 0.022 8-10 0.014
1% 0.021 12-16 0.013
2 0.019 18-24 0.012
2%, 3 0.018

Source: Crane Valves, Signal Hill, CA.

It is given that L. = (L/D). Note, however, that this would be valid
only if the flow in the pipe is in the zone of complete turbulence.

If the pipe is made from a material different from new, clean, com-
mercial steel pipe, it is necessary to compute the relative roughness D/ g,
and then use the Moody diagram to determine the friction factor in the

zone of complete turbulence.

4.8 Resistance Coefficient for Pipe Bends

It is frequently more convenient to bend a pipe or tube than to install a
commercially made elbow. The resistance to flow of a bend is dependent on
the ratio of the bend radius  to the pipe inside diameter D. Figure 4.15

shows that the minimum resistance for a 90° bend occurs when the ratio
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#/D is approximately 3. The resistance is given in terms of the equivalent
length ratio Lc/D, and therefore, Eq. (4.10) must be used to calculate the
resistance coefficient. The resistance shown in Figure 4.15 includes both the
bend resistance and the resistance due to the length of the pipe in the bend.
When the 7/D ratio is computed, 7 is defined as the radius to the
centerline of the pipe or tube, called the mean radius (see Figure 4.16).
That is, if R, is the radius to the outside of the bend, R is the radius to
the inside of the bend, and D, is the outside diameter of the pipe or

tube, then
r=R + D2
r=R, - Dol2
r=(Ro + R)/2

48 . )/

£

o
| ——
e
~]
.

Q

SR 4l

2 | /: i
g 28 | S !
EXRY

% |
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=

i

8 I
'i
4 :
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0 2 4 6 & 10 12 14 16 I8 20

Relative radius /D

Figure 4.15 Resistance due to 90° pipe bends

Source: Beij, K.H. (1938). “Pressure Losses for Fluid Flow in 90° Pipe Bends.” Journal of Research
of the National Bureau of Standards 21 (July): 1-18.
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D = Inside diameter

\
]

Figure 4.16 Resistance due to 90° pipe bends

Source: King, H.W. and Brater, E.F. (1963). Handbook of Hydraulics, 5th edition, New York,
McGraw Hill.

Example Problem 1

Calculate the pressure in tank A, as shown in Figure 4.17. Account for

all minor losses.

Solution:

Step 1. Write the energy equation

2 2
z, +7/L+£—hL = z, +UL+£
28 7 2¢ 7

Step 2. va = vs (pipe diameter does not change)

Ps = 0 (pressure in tank B = 0, as it is open to atmosphere)

PA = (7/(ZB _ZA)+bL)



MINOR LOSSES 65

2-in Schedule 40
steel pipe
Flow

ngle Swing-type
valve  check valve

Figure 4.17 Example 1
Step 3. Determine the /.

Minor and major losses from tank A to tank B would be = en-
trance loss + check valve + swing valve + friction + elbow + exir

Step 4.

b= entrance loss + check valve + swing valve + friction + elbow + exit

38
0.0525

b, =1h, +100 f1.h, +150 f1.h, + [ h, +30f.h, +1f1h,

b =h(7.324724f)

From Table 4.5
Jfr=0.019 (2-in. Schedule 40 steel pipe)

2
v

h, =—(in pipe)
2g

T 2168x107°m’ 6 = 3344m/s
) m 0,000 L/min

g 435L/min 1m?/s
A

344
Y 2%9.81

=0.570mrx
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_vDp _ (3.344)(0.0525)(820)

Ny ~ =8.47x10%
y7i 1.70x10™
D __0.0525 — 1141
£ 4.60x107
From Moody diagram
f=0.022
Step 5.

P, = (Mzy —2,)+h) = (0.82)9.81 KN/m’)[4.5 m + 0.570 (7.32
+ 724(0.022))]

Py =143.5 kPa



CHAPTER 5

Series and Parallel Pipeline
Systems

As discussed in the previous chapter, fluid flow systems have numerous
minor losses. In addition to these losses, pipeline systems for analysis
purposes are classified into series pipeline systems and parallel pipeline

systems.

5.1 Series Pipeline Systems

Series pipeline systems are those with a single flow path: all of the fluid
must travel the same route. Because of that, conservation of mass and
conservation of energy principles are used to develop the generalized

form of the energy equation

2 2
z, +i+£—/oL —hy+h, = z, +UL+£
26 7 287

The first three terms of the left-hand side of the equation represent
the energy possessed by the fluid at point 1 in the form of pressure head,
velocity head, and elevation head. The same can be applied for the terms
on the right-hand side as the energy possessed by the fluid at point 2.
The term Aa is the energy added to the fluid by the pump, and this is
termed as the total head on the pump and is used to select the different
types of pumps. This will be discussed in the next chapter.

The term /1 denotes the energy lost from the systems anywhere be-

tween points 1 and 2. This can include major and minor losses.

z v L
h=)K(—)+f——
- ,Z:I: 2g fD2g



68 HYDRAULIC ENGINEERING

System analysis and design problems can be classified into three clas-

ses as follows:

Class I: The system is completely defined in terms of the size of pipes,
the types of minor losses that are present, and the volume flow rate of
fluid in the system. The typical objective is to compute the pressure at
some point of interest, to compute the total head on a pump, or to
compute the elevation of a source of fluid to produce a desired flow rate
or pressure at selected points in the system.

Steps to solve Class I problems: Flow rate (Q) and pipe diameter (D)

are known; head loss (/1) is unknown.

i. Write down energy equation: P/ y+ 21 + v’/2g + ha— I —hr
=Ply+ 2 + vhl2g

ii. Identify all the terms that make up 41, such as pipe losses, /L = f
(L/D)v*/2g, and minor losses, /1 = Kv*/2g.

iii. By using Q, Q = v x t/ 4 x D? and D, solve for the velocity, v,
and determine the Reynolds number, Ng, and the loss coeffi-
cient, K.

iv. By using the Reynolds number, N, and D/¢, determine the fric-
tion factor, £ by using the Moody diagram or the appropriate
friction factor equation. For minor losses, find fr (if required) by
using D/ g only.

v. Determine /1 and find the required output (e.g., /s, etc.).

Example Problem 1: Class I Type Problem

Calculate the power supplied to the pump, as shown in Figure 5.1, if its
efficiency is 76 percent. Methyl alcohol at 25 °C is flowing at the rate of
54 m?/s. The suction line is a standard 4-in. Schedule 40 steel pipe, 15 m
long. The total length of a 2-in. Schedule 40 steel pipe in the discharge
line is 200 m. Assume that the entrance from reservoir 1 is through a
square-edged inlet and that the elbows are standard. The valve is a fully
open globe valve. The elevation difference between the two surfaces of

the reservoirs was measured as 10 m.
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Discharge line

Flow

Figure 5.1 Example Problem 1
Source: Mott, R.L. (1972). Applied Fluid Mechanics, 6™ Edition, Prentice Hall, New Jersey.

Step 1. Wrrite the energy equation

> P P
2, +IL+—‘—hL +hy =2z, + 4
267 2¢ 7

Step 2. Determine the equation to calculate the total head
v1 = v = 0: velocity at the surface of the reservoir can be
negligible
Py = P, =0 open to atmosphere
hy=z,—z +h

Step 3. Calculate the overall head loss
bL=hi+ b+ b+ hi+ bs+ b

1= total energy loss per unit weight of fluid flowing
b1 = entrance loss

by = friction loss in suction line

b3 = energy loss in valve

by = energy loss in 90° elbows

hs = friction loss in the discharge line

b = exit loss
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Step 4. Equation for energy loss
U2
h, = K| — |(entrance loss)
2g

2
h, = fs(i) X (friction loss in suction line)
D\ 2g

= £ i valv
ha_f:iT(Dj(zg]( al e)

2
by = for (Le j[;—dj (two90° elbows)
4

2
)(;}—d] (friction loss in discharge line)
4

2
by = 1.0(21—‘1] (exit loss)
2g

Step 5. Determine velocity in suction and discharge line

3
Q=2%m BT 6015 mis
hr 3,600 s
015 m’ 1
05:2:00 > m X —— =1.83m/s
A s 8.213*107"m
2 2
2 U8
2¢  279.81
3
z/d=g=0'015m X ! ——— =692 m/s
A, s 2.168*10” m
2 2
2 692) 5
2¢  2°9.81

Step 6. Determine the friction factor in suction and discharge line
Methyl alcohol at 25 °C

Suction line

_vDp _(1.83)(0.1023)(789)

——=2.60*10
u 5.60*10

Ny




Step 7.

Step 8.

SERIES AND PARALLEL PIPELINE SYSTEMS

For steel pipe: £ =4.6x107

2=224

£
From Moody diagram: f; = 0.018

Discharge line

_vDp _ (6.92)(0.0525)(789)

> =5.12*10
u 5.60*10

Ny

For steel pipe: =4.6x107

2=1,141
€

From Moody diagram: fi = 0.020

Determine total energy loss
b1 =0.5(0.17 m) = 0.09 m (for a square-edged
inlet, K = (0.5)(0.17))

/72=0.018( > j(0.17)=0.45m
0.1023

hy, =0.019(340)(2.44) =15.76 m(% =340:
fully open globe valve)
b, =2%0.019(30)(2.44) m =2.78 m(two90° elbows)

by = 0.020( 200
0.0525

j(2.44) =1859 m

h, =1.0(2.44) = 2.44 m(exit loss)

bL= b1+ b2+ /73+ /74+ /75+ /76= 207.4 m
Determine total head

by =z,— 2z, +h

ha=10m +207.4 =217.4 m

71



72 HYDRAULIC ENGINEERING

Step 9. The power

hyyQ (217.4m)(7.74*10° N/m’)(0.015m’)
ey 0.76

Power =

=33.2x102 N.22 =33.2kwW
S

Class II: The system is completely described in terms of its elevations,
pipe sizes, valves and fittings, and allowable pressure drop at key points
in the system. The objective is to determine the volume flow rate of the
fluid that could be delivered by a given system.

Steps to solve Class II problem: Pipe diameter (D) and pressure

drop, AP, are known; flow rate, Q, is unknown.

i. Write down the energy equation, Pi/y+ z1 + 01*/2g + ha — b1 —
br = Pl y+ 22 + 02%2g

ii. Separate known variables from unknown variables. Put the
known variables on the left-hand side of the equation and the
unknowns on the right side.

iii. Idencify all the terms that make up /1, such as pipe losses, /L =
ALID)v*/2g, and minor losses, /L = Kv*/2g.

iv. Since flow rate, Q, is unknown, express 4 as a function v and f,
and solve for .

v. Use D/¢gto estimate an initial guess value for £, and find ».

vi. Use the calculated v to determine the Reynolds number, Ng, and
determine a new f'value.

vii. Find v (velocity) and repeat step »; until the fvalue converges to a
steady value.

viii. Determine the flow rate, Q.

Example Problem 2: Class II Type (Iterative Method)

Hydraulic oil is flowing in a steel tube with an outside diameter of 2 in.
and a wall thickness of 0.083 in (Figure 5.2). A pressure drop of 68 kPa
is observed between two points in the tube 30 m apart. The oil has a
specific gravity of 0.90 and dynamic viscosity of 3.0 x 10~ Pa-s. Calcu-
late the velocity of flow of the oil.
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Figure 5.2 Example Problem 2

Step 1. Apply the energy equation between the two points

v’ P v,
Z++L—h =z +2+2
28 7 28 7
z1 = z2: horizontal pipe
v1 = va: same size diameter pipe
Step 2. Write the equation for head loss

kN
68—
P-P ( 2)
/7L:(2 1): m =770m

4 (9.811(1\30.90

m
2

770m=h = fLV

D2g

. \/nghL _[2(9.81)(0.04658)(7.70) _ [0.235
fL f30) f

D 0.04
_=L65i=31,053
£ 1.5x10

Step 3. Make assumptions for fand solve for v
Ist Iteration: Try /= 0.03; then v = 2.80 m/s

_wDp _ 2.80*0.0468* 900

H T R

Ny

Use the Moody diagram and determine the friction factor.
From the Moody diagram: /= 0.022 (new f)
2nd Iteration: Try /= 0.022; then v = 3.27 m/s

_wDp _3.27*0.0468* 900

. X10° =4.58x10°

NR

Use the Moody diagram and determine the friction factor.

73
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From the Moody diagram: /= 0.0210 (new f)
3rd Iteration: Try f'= 0.0210; then v = 3.345 m/s

* b3
N, = vDp _3.345"0.0468"900 _, o

y7i 3x107°

Use the Moody diagram and determine the friction factor.
From the Moody diagram: /= 0.0210 (no change)
Hence, the velocity of flow of oil = 3.34 m/s.

Class III: The general layout of the system is known along with the de-

sired volume flow rate. The size of the pipe required to carry a given

volume flow rate of a given fluid is to be determined.

Steps for Class III: Pressure drop, AP, and flow rate, Q, are known; D is

unknown.

ii.

ii.

iv.

vi.

vii.

viii.

ix.

Write down the energy equation: Pi/y+ z1 + v1*/2g + ha — b —
hr = Pol y+ 20+ v22g

Separate known variables from the unknown variables. Put the
known variables on the left-hand side of the equation and the
unknowns on the right side.

Identify all the terms that make up /1, such as pipe losses, /1 =
ALID)v*/2g, and minor losses, i1 = Kv*/2g.

Solve for D by using Q = v x w/4 x D?, and express it in terms of
hrand f.

Make an initial guess value for f(between 0.01 and 0.1; f'= 0.02
is usually a good initial guess), and find D.

Determine Nr and D/ g and compute a new fvalue.

Find D and repeat Step vi until the f'value converges to a steady
value.

Determine D.

Alternatively the flow diameter can be determined using the

equation listed below:

S \4TS 527004
D=0.66| &' (ﬂJ +oQ* [LJ (5.1
ah .
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Example 3: Type III Problem

Compute the required size of a new Schedule 40 pipe that will carry
0.014 m3/s of water at 15 °C and limit the pressure drop to 13.79 kPa
over a length of 30.5 m of horizontal pipe.

Solution:

Step 1. Write the energy equation

2 2
zl+i+£—/aL=z2+yL+£
2¢ 7 28 v
V1 =12
21 =22
hLz(Pl—Pz)_ 13.79kPa _, .00

y  9.81kN/m’
Step 2. State the given information
Q=0.014m’s; L=30.5m; £ =9.81 kN/m’
b = 1.402 m; e=4.72x10°m; »=1.15x10%m?%s
Step 3. Using Eq. (5.1)

475 5.2 7]0-04
D=0.66| '* [—LQZ ] +0Q% (Lj
g}]L g/JL

30.5%0.014> )“5

D =0.66| (4.72x107)"*
9.81*1.402

52 0.04
+(1.15%107°)(0.014)’* (Lj
9.81*1.402

D =0.098 m

From the Appendix it is determined that D = 0.098 m would corre-
spond to a 4-in. Schedule 40 pipe.
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5.2 Parallel Pipe System

When two or more pipes in parallel connect two reservoirs, as shown in
Figure 5.3, for example, then the fluid may flow down any of the availa-
ble pipes at possible different rates. But the head difference over each
pipe will always be the same. The total volume flow rate will be the sum
of the flow in each pipe. The analysis can be carried out by simply treat-
ing each pipe individually and summing flow rates at the end.

When the principle of steady flow is applied to the above system, the

following conclusion may be reached
Q=Q =0 +Q, +Q (5.2)

To analyze the pressure between the two points, the energy equation

is applied
v? P v,? P
Z+—+2L—h =z, + 2 +2
2¢ 7 2¢ 7

Solving for pressure drop

All elements converging in the junction at the right side of the sys-
tem have the same total energy per unit weight. That is, they all have
the same total head. Therefore, each unit weight of fluid must have the
same amount of energy.

This can be stated mathematically as

bLl—Z = ha = hb = bc (53)

il

Qx—&-)-l- e Oy :ll -2—6—*92
: [

ey

Figure 5.3 System with three branches
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5.2.1 System with Two Branches

A common parallel piping system includes two branches arranged as
shown in Figure 5.4. The analysis of this type of system is relatively simple
and straightforward, although some iteration is typically required. Because
velocities are unknown, friction factors are also unknown.

Figure 5.4 is used to illustrate the analysis of flow in two branches.
The basic relationships that apply here are similar to Egs. (5.2) and (5.3)
except there are only two branches instead of three.

These relationships are
Q=0Q,=Q,+Q, (5.4)
hufz = ba = bb (5.5)

Below are the solution method for systems with two branches when

the total flow rate and the description of the branches are known:

1. Equate the total flow rate to the sum of the flow rates in the two
branches, as stated in Eq. (5.4). Then express the branch flows as

the product of the flow area and the average velocity; that is,
Qa = Aaya and Qb = Abyb
2. Express the head loss in each branch in terms of the velocity of flow
in that branch and the friction factor. Include all significant losses
due to friction and minor losses.
3. Compute the relative roughness for each branch, estimate the value

of the friction factor for each branch, and complete the calculation

of head loss in each branch in terms of the unknown velocities.

Gate valves

O /

v
Globe

valve

Figure 5.4 System with two branches
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4. Equate the expression for the head losses in the two branches to
cach other as stated in Eq. (5.5).

5. Solve for one velocity in terms of the other from the equation in
Step 4.

6. Substitute the result from Step 5 into the flow rate equation devel-
oped in Step 1, and solve for one of the unknown velocities.

7. Solve for the second unknown velocity from the relationship devel-
oped in Step 5.

8. If there is doubt about the accuracy of the value of the friction fac-
tor used in Step 2, compute the Reynolds number for each branch
and reevaluate the friction factor from the Moody diagram or
compute the values for the friction factor as described in the previ-
ous sections.

9. If the values for the friction factor have changed significantly, re-
peat Steps 3 to 8, using the new values for friction factor.

10. When satisfactory precision has been achieved, use the now-known
velocity in each branch to compute the volume flow rate for that
branch. Check the sum of the volume flow rates to ensure that it is
equal to the total flow in the system.

11. Use the velocity in either branch to compute the head loss across
that branch, employing the appropriate relationship from Step 3.
This head loss is also equal to the head loss across the entire

branched system.

Example Problem 4

In Figure 5.5, 100 gal/min of water at 60 °F is flowing in a 2-in. Schedule
40 steel pipe at section 1. The heat exchanger in branch “a” has a loss
coefficient of K = 7.5 based on the velocity head in the pipe. All three
valves are wide open. Branch “b” is a bypass line composed of 1%-in.
Schedule 40 steel pipe. The elbows are standard. The length of pipe be-
tween points 1 and 2 in branch “b” is 6 m. Because of the size of the heat
exchanger, the length of pipe in branch “a” is very short and friction losses
can be neglected. For this arrangement, determine (a) the volume flow
rate of water in each branch and (b) the pressure drop between points 1
and 2.
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Gate valves

Figure 5.5 Example Problem 4

Step 1. Relate the two flow rates
Ql = Aava + Abvb

From the given data, A.= 0.02333 ft?, Ay= 0.01039 ft*, and
Q=100 gal/min

1ft7 ,
=100¢al / min x ——~45 — =0.223ft
@ g min 449 gal/min K

Step 2. Head losses in the two branches are equal. Considering the
v’ v’
ho=2K, |2 |+k, | L
2 2g

K = fir(Le/ D) = resistance coefficient for each gate valve

branch “a”

where

K; = resistance coefficient for the heat exchanger = 7.5 (given)
The following data are known:

fir = 0.019 for a 2-in. Schedule 40 steel pipe

far = 8 for a fully open gate valve

Then
i = fir(L/D) = (0.019)(8) = 0.152

2 2 2
l@=2mJ52{£L]+75(£LJ=78(£L]
2g 2g 2g

Then
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For branch “b”

2 2 2
b =2K,| 2 |+ K| 2|4 k| 2
2g 2g 2g

K3 = fyr(Le/ D) = resistance coefficient for each elbow

where

Ki = fyor(Le/ D) = resistance coefficient for the globe valve
K5 = fi(L/D) = friction loss in the pipe for branch “b”
Jor = 0.022 for 1%-in. Schedule 40 pipe

L./D = 30 for each elbow

L/ D = 340 for fully open globe valve

Then
K= 0.66
Ki=7.48
Ks=173.5f,
1/2 le le
h, = 2(0.66)(—"] + (7.48)(—"] +(173.5f, )[—"]
2g 2g 2g
2
= (8.80+173.5ﬁ)[”—"]
2g

D 0.1150
Z= (—SJ =767
& 1.5%x10
From the Moody diagram and using the iterative method described

in previous sections, f; = 0.023

h = (12.80)(£]
2¢

Step 3. Determine the velocity
For the system described in the problem

2 2
b =h = 7.80[;}3 J: (12.80)(5—"}
g g

v, =1.281y,

Q =Av, +Av,=A4 (1.281y, )+ Ay, =4, (1.2814, + 4))
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Solving for o,

_ Q _ 0.223 fc'/s
(1.2814, + 4,) (1.281(0.02333)+0.01039)ft*

48

v, =5.54 ftls

v, =1.281* 5.54E = 7.09ﬁ
s s

The calculations were made with an assumed value of f; hence, the

accuracy of the assumption needs to be checked.

Ny, = vbD%

Kinematic viscosity for water at 15 °C = 9=1.21x10" ft* /s

.54)(0.1150
NRb=M=5.26x1o4
1.21x10

Relative roughness was determined as 767; from the Moody diagram
the new f; = 0.025. This value is significantly different from the initial

assumed value. Hence

2 2
5, =[8.80+173.9(0.025) .(”L)zlalsi
v=L M2, 2

Equating the head losses in the two branches

ha = hy

2 2
7.80| 2 |=13.15 (2o
2g 2g
Solving for velocities gives
va=1.298w,

Substituting the equation for v, used earlier gives

3
_ 0.223ft’ /s 548 fi/s

(1.298(0.02333) +0.01039)ft*

vy,

va=1.298u, = 1.298(5.48) = 7.12 fu/s
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Recomputing the Reynolds number for branch “b”

.48)(0.1150
N =M=5.21x104
1.21x10

Using the Moody diagram, f; = 0.023 (no change).
Step 4. Determine the flow rates
3

Q, =v.A =0.02333%7.12= 01665 =745 gal/min
S

3

Q, =, 4 =0.01039*5.48 = 0.057 - = 25.5 gal/min
N

Part b: Determine the pressure drop

Apply the energy equation between points 1 and 2

2 2
z1+y—1+£—bL=z2+y—2+£
26 7y 287
h_y, -k
Y
h_L_,
vov
h,,=h=h
2 2
b =7.80) L |=7.80) Z12 | = 614 £
2g 64.4
2
P-P =62.4f1—b3><6.14ft>< 14ff —=2.66 psi
t 1n.

5.2.2 System with Three or More Branches
Hardy Cross Method

The Hardy Cross method is an iterative method for determining the
flow in pipe network systems where the inputs and outputs are known,
but the flow inside the network is unknown. The introduction of the
Hardy Cross method for analyzing pipe flow networks revolutionized
municipal water supply design. Before the method was introduced, solv-
ing complex pipe systems for distribution was extremely difficult due to
the nonlinear relationship between head loss and flow (Figure 5.6).
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6m
a K=4

{7

|
.

Process control

devices

(Y~ 2

L]

Figure 5.6 System with three branches

The Cross technique requires that the head loss terms for each pipe

in the system be expressed in the form
h=KQ" (5.6)

From previous chapters it was determined that both friction losses
and minor losses are proportional to the velocity head. Then, using the
continuity equation, the velocity can be expressed in terms of the vol-

ume flow rate. That is

v=Q/A
712:Q2/A2

The Cross iteration technique requires that initial estimates for the

volume flow rate in each branch of the system be made (Figure 5.7).

@, b + &
P P - p—
\ @ PN
2 1
'
[ ol

Figure 5.7 Schematic representation of a three-pipe system
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Two factors that help in making these estimates are as follows:

e At each junction in the network, the sum of the flow into
the junction must equal the flow out.

e  The fluid tends to follow the path of least resistance through
the network. Therefore, a pipe having a lower value of K'will
carry a higher flow rate than those having higher values.

e If the flow in a given pipe of a circuit is clockwise, Q and 4
are positive. If the flow is counterclockwise, Q and 5 are

negative.

The Cross technique for analyzing the flow in pipe networks is pre-

sented in a step-by-step form as follows:

1. Express the energy loss in each pipe in the form
h= [(Q2

2. Assume a value for the flow rate in each pipe such that the flow
into each junction equals the flow out of the junction.

3. Divide the network into a series of closed-loop circuits.

4. For each pipe, calculate the head loss using the assumed value of Q.

5. Proceeding around each circuit, algebraically sum all values for /
using the following sign convention:
i.  If the flow is clockwise, # and Q are positive.
ii.  If the flow is counterclockwise, 4 and Q are negative.
iii. The resulting summation is referred to as Z4.

6. For each pipe, calculate 2KQ.

7. Sum all values of 2KQ for each circuit, assuming all are positive.
This summation is referred to as ©(2KQ).

S
AK =="—
> (2kQ)
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8. For each pipe, calculate a new estimate for Q from
Q=Q-AQ
9. Repeat Steps 4 to 8 until AQ from Step 8 becomes negligibly small.
The Q' value is used for the next cycle of iteration.
Example Problem 5
Find the flow rate of water at 60 °F in each; all pipes are 2%2-in. Sched-

ule 40 steel pipes, as shown in the figure below.

0.3 ft'/s
50 fi

50 ft

12 — 30 fi 30ft

50 ft

50 ft

3
0.3 s 0.6 ft'/s

For a 2%-in. Schedule 40 commercial steel pipe: D = 0.2058;
A =0.03326 ft*

L LQ?
h :K 2 = _——
Q fD 2g fDZgA2
_ A
D2‘gA2
Based on the length of the pipes
K =K, =K,=K, = /G50) =3,410f

" (0.2058)(64.4)(0.03326)*
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d 03
a %
1.2
B |
¢ T
b o
103 0.6
a+b=12 o+ =08
c+d=g d-f=03
b+c=e+03

As described in the previous section, the clockwise flow is shown as
positive (+) sign.

K =K, = £30) _=2,046 f
(0.2058)(64.4)(0.03326)

Values of f'can be computed as

2=l,372
£

N =P _QD

Loy Av
For water at 60 °F: 9=1.21x107° ft/s

Q(0.2058) .
= =(5.114%10
R 0.03326)1.21x10°° ( )Q

From Chapter 3, use the equation

0.25
f= 2

1 5.74

log R

(2]
E
0.25
f =

10[ 1 j+5.74 ’
8l 1.970x10 ) N
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For Trial 1: Flow equation at nodes

Qi+ Q=12
Try Q.=0.5and Q,=0.7

Qe+ Q=05
Try Q.= 0.1 and Qu= 0.4

Qi—Q¥=0.3
Try Qi=0.4 and Q= 0.1

Q.+ Qr=0.6
Try Q¢=0.1and Q.= 0.5

Qb+ Qc=0Q.+0.3
0.7 + 0.1 = 0.5 + 0.3 (check)

Compute the values of fusing the equation above

Pipe f K Equation of K
a 0.0197 67.18 3,410 £
b 0.0194 66.00 3,410 £
[ 0.0233 47.65 2,046 £
d 0.0200 68.25 3,410 £
e 0.0197 67.18 3,410 £
f 0.0233 47.65 2,046 £

87
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As the AQ is negligibly small after three trials, the following Q can
be accepted.

Summary of results from table:

Q. = 0.594
Qv = 0.606
Q.= 0.148
Qdq=0.448
Qr=0.148
Q. = 0.452



CHAPTER 6

Pumps and Turbines

Hydraulic pumps are used in hydraulic drive systems and can be hydro-
static or hydrodynamic. A hydraulic pump is a mechanical source of
power that converts mechanical power into hydraulic energy (hydrostat-
ic energy, i.e., flow, pressure). It generates flow with enough power to
overcome pressure induced by the load at the pump outlet. When a
hydraulic pump operates, it creates a vacuum at the pump inlet, which
draws liquid from the reservoir into the inlet line to the pump and by
mechanical action delivers this liquid to the pump outlet and forces it
into the hydraulic system. In the previous chapter, the general energy
equation was introduced to determine the energy added by a pump to

the fluid as follows:

2 2
Vg — Uy

+PB_PA

+h
2g 4

by = zy— 2z, +

ha is the total head on the pump.

Some pump manufacturers refer to this as the total dynamic head
(TDH).

TDH is the total equivalent height that a fluid is to be pumped, tak-
ing into account friction losses in the pipe.

As discussed in previous chapters, the power delivered to the fluid by
the pump can be calculated by the equation

Py =h1Q

The efficiency of the pump was determined by the equation
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6.1 Types of Pumps

Pumps are categorized into two types on the response to changes in dis-
charge pressure as shown in Figure 6.1. The basic difference between the

two types is their response to changes in discharge pressure.

6.1.1 Dynamic Pumps

Dynamic pumps are pumps in which the energy is added to the water
continuously and the water is not contained in a set volume. They are
used in conditions where high volumes are required and a change in
flow is not a problem. As the discharge pressure on a dynamic pump is
increased, the quantity of water pumped is reduced. One type of dy-
namic pump is the centrifugal pump. These are the most common
pump used in water systems. Dynamic pumps can be operated for short

periods of time with the discharge valve closed.

6.1.2 Displacement Pumps

Displacement pumps are pumps in which the energy is added to the
water periodically and the water is contained in a set volume. Displace-
ment pumps are used in conditions where relatively small, but precise,
volumes are required. Displacement pumps will not change their vol-
ume with a change in discharge pressure. Displacement pumps are also
called positive displacement pumps. The most common positive dis-
placement pump is the diaphragm pump used to pump chlorine and
fluoride solutions. Operating a displacement pump with the discharge

valve closed will damage the pump.

6.2 Dynamic Pumps/Centrifugal Pumps

Centrifugal pumps are used to transport fluids by the conversion of ro-
tational kinetic energy to the hydrodynamic energy of the fluid flow.
The rotational energy typically comes from an engine or electric motor.
The fluid enters the pump impeller along or near to the rotating axis

and is accelerated by the impeller, flowing radially outward into a dif-
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fuser or volute chamber (casing), from where it exits. Volute is a spiral-
shaped casing surrounding a pump impeller that collects the liquid dis-
charged by the impeller. For example, a snail shell is volute shaped as
shown in Figure 6.2. The shape of the case helps to determine the direc-
tion of rotation of the pump.

The direction of rotation can be determined when looking into the
suction side of the volute case. For example, in Figure 6.3, the direction

of rotation is counterclockwise.

End Suction Centrifugal
Split Case
Vertical Turbines

Dynamic
Pumps

Special Effect Pumps

« Jet pumps
Pumps * Regenerative turbines
* Vortex pumps

Reciprocating
Displacement * Piston

Pumps » Diaphragm

Rotary
* Peristaltic
* Progressive cavity
* Multiple gear - lobe

Figure 6.1 Different types of pumps

Figure 6.2 Pump case or volute

Source: Grundfos Pumps, Downers Grove, IL.



94 HYDRAULIC ENGINEERING

Figure 6.3 Direction of flow

Source: Grundfos Pumps, Downers Grove, IL.

In summary, there are two theories that explain how a centrifugal

pump works:

1. Energy transfer—the transfer of energy from the shaft to the impel-
ler and from the impeller to the water

2. Centrifugal force—the force used to throw the water from the impeller

6.2.1 Types of Centrifugal Pumps

Centrifugal pumps can be divided into one of three classifications based

on the configurations.

a. End-suction centrifugal pumps—The most common style of centrif-
ugal pump. The center of the suction line is centered on the impeller
eye. The impeller is attached directly onto the end of the motor shaft.
End-suction centrifugal pumps are further classified as either frame-

mounted or close-coupled (Figure 6.4).

Figure 6.4 End-suction centrifugal pump

Source: Grundfos Pumps, Downers Grove, IL.
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i Frame-mounted pumps—End-suction centrifugal pumps are
designed so that the pump bearings and pump shaft are inde-
pendent of the motor. This type of pump requires a coupling
between the pump and the motor to transfer energy from the
motor to the pump (Figure 6.5).

ii ~ Close-coupled pumps—A close-coupled pump has only one
shaft and one set of bearings: the motor shaft and bearings. The
pump impeller is placed directly onto the motor shaft. Close-
coupled pumps require less space and are less expensive than
frame-mounted pumps (Figure 6.6).

b. Split case pumps—A centrifugal pump is designed so that the volute
case is split horizontally. The case divides on a plane that cuts
through the eye of the impeller. Split case pumps are unique. The
case has a row of bolts that allow half of the case to be removed,
providing access to the entire rotating assembly for inspection or re-
moval. These pumps are normally found as fire service pumps and

circulation pumps in medium-to-large communities (Figure 6.7).

VOLUTE

Figure 6.5 Frame-mounted pump

Source: Grundfos Pumps, Downers Grove, IL.

STUFFING BOX
T\

n
ll” E MOTOR
]
|

pr—

Figure 6.6 Close-coupled pump

Source: Grundfos Pumps, Downers Grove, IL.
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Figure 6.7 Split case suction centrifugal pumps

Source: Grundfos Pumps, Downers Grove, IL.

¢) Vertical turbine pumps—A classification of centrifugal pumps that are

primarily mounted with a vertical shaft; the motor is commonly

mounted above the pump. Vertical turbine pumps are either mixed or

axial flow devices (Figure 6.8). There are four styles of vertical tur-

bines: line shaft, axial flow, can turbine, and submersible turbine. The

primary difference between the vertical turbine and the submersible

turbine is the position of the motor. The pumping assembly is the

same. Submersible turbine pumps can range from 5 gpm to 100 gpm

or more.

i)

ii)

iii)

Line shaft turbine pumps—A type of vertical turbine. In this
type of vertical turbine, the motor is mounted above the
ground, and the pump units mounted below the water surface.
A column extends from the pump to a discharge head found
just below the motor. A shaft extends on a straight line from the
center of the motor to the pump. The pump may be mounted a
few feet to several hundred feet away from the motor.

Acxial flow pumps—A type of vertical turbine that uses a pro-
peller instead of an impeller. In axial flow pumps, the energy is
transferred into the water so that the direction of the flow is di-
rectly up the shaft.

Can turbine pumps—A type of line shaft turbine. The pump
assembly is mounted inside of a sealed can. The inlet is mount-
ed opposite the outlet on the discharge head. The can must al-

ways be under pressure.
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Figure 6.8 Vertical turbine pumps

Source: Grundfos Pumps, Downers Grove, IL.

iv) Submersible turbine pumps—A style of vertical turbine pump
in which the entire pump assembly and motor are submersed in

the water. The motor is commonly mounted below the pump.

6.3 Positive Displacement Pumps

Although there are several different types of positive displacement pumps

available, this section is limited to those commonly used in water systems.

6.3.1 Diaphragm Pumps

A diaphragm pump is operated by either electric or mechanical means
(Figure 6.9). Two-valve assemblies: a suction-valve assembly and a dis-

charge-valve assembly. When the diaphragm is pulled back, a vacuum is
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created in the chamber in front of the diaphragm. This vacuum causes
the discharge valve to be forced closed against its seat. The vacuum al-
lows atmospheric pressure to push fluid up against the outside of the
suction valve, opening the valve and filling the chamber. When pressure
is returned to the diaphragm, forcing it toward the front of the chamber,
the increased pressure causes the suction valve to be forced closed and
the discharge valve to be forced open. The fluid is pushed out of the

chamber, and the pumping cycle starts over.

6.3.2 Peristaltic Pumps

A peristaltic pump is a type of positive displacement pump used for
pumping a variety of fluids, such as chemicals and sludges. The fluid is
contained within a flexible tube fit inside a circular pump casing. A ro-
tor with a number of rollers (or shoes) is attached to a rotating arm that
compresses the flexible tube. As the rotor turns, the part of the tube un-
der compression closes, thus forcing the fluid to be pumped through the
tube. Since they have no moving parts in contact with the fluid, peristal-
tic pumps are inexpensive to manufacture. Their lack of valves, seals,

and glands makes them comparatively inexpensive to maintain, and the

VALVE
CLOSED

VALVE
CLOSED

FLEXIBLE
DIAPHRAGM

VALVE
OPEN

a) Suction Phase b) Discharge Phase

Figure 6.9 Diaphragm pumps

Source: Grundfos Pumps, Downers Grove, IL.
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use of a hose or tube makes for a relatively low-cost maintenance item
compared with other pump types. It is important to select tubing with
appropriate chemical resistance toward the liquid being pumped. Types
of tubing commonly used in peristaltic pumps include polyvinyl chlo-
ride (PVC), silicone rubber, and fluoropolymer. These are generally
used for small, relatively precise flow, such as in a laboratory setting, as

opposed to a larger volume in a commercial or industrial setting.

6.3.3 Progressive Cavity Pumps

A progressive cavity pump moves fluid by means of a rotary screw or a
rotor turning within a stationary stator. The flow rate is proportional to
the rotation rate of the pump. Progressive cavity pumps are designed to
transfer fluid or fluids with suspended solids. They are frequently used
to pump sludge, but can be used to meter large volumes of chemicals in

a precise manner.

6.4 Cavitation

Cavitation is the condition where vapor bubbles are formed in a flowing
liquid when the pressure of the liquid falls below its vapor pressure.
Once the bubbles reach an area where the pressure increases above vapor
pressure, the bubbles collapse thereby creating small areas of high tem-
perature and emitting shock waves.

Cavitation in a centrifugal pump occurs when the inlet pressure falls
below the design inlet pressure or when the pump is operating at a flow
rate higher than the design flow rate. When the inlet pressure in the flow-
ing liquid falls below its vapor pressure, bubbles begin to form in the eye
of the impeller. Once the bubbles move to an area where the pressure of
the liquid increases above its vapor pressure, the bubbles collapse thereby
emitting a “shock wave.” These shock waves can pit the surface of the
impeller and shorten its service life. The collapse of the bubbles also emits
a pinging or crackling noise that can alert the operator that cavitation is
occurring. Cavitation is undesirable because it can damage the impeller,

cause noise and vibration, and decrease pump efficiency.
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6.5 Performance Data for Centrifugal Pumps

Centrifugal pumps have a strong dependency on the variability between
the capacity and the pressure that must be developed by the pump. This
makes their performance ratings somewhat complex. The pump perfor-
mance is normally described by a set of curves. This section explains

how these curves are interpreted and the basis for the curves.

6.5.1 Standard Curves

Performance curves are used by the customer to select a pump matching the
requirements for a given application. The data sheet contains information
about the head (#) at different flows (Q) (see Figure 6.10). The require-
ments for head and flow determine the overall dimensions of the pump.

In addition to head, the power consumption (P) is also to be found
in the data sheet. The power consumption is used for dimensioning of
the installations which must supply the pump with energy. The power
consumption is like the head shown as a function of the flow. Infor-
mation about the pump efficiency (5) and net positive suction head
(NPSH) can also be found in the data sheet. The NPSH curve shows
the minimum inlet required for cavitation. The efficiency curve is used
for choosing the most efficient pump in the specified operating range.

Figure 6.10 shows an example of performance curves in a data sheet.

NPSHE m
[ [/ 758 Tex 78 T [ [ T 160
SO0 1 30 35 40 45 50| 53 55 56 57 7 lof
s50| L0 NV AT AL i g L 140
>
400~ U|in _'[#EHJ A i}f{ ,f" - ;* 56 | 120
50— fr S - SN ESE B
g | s | ALY VAN | g
E S0 *||n A - & ';5.( {;’-‘fﬂ %\ 80 E
N rd
Ezm I LA o el o AR —p o Lo 3
150k 6in ’F - '{’JI Pl 1“7"3,3{’.{ o
T+ A N %’.& 40
100 F e
i A RN &
s0 P ERENGE SR A 2
o R I .
|:|1 50 100 150 200 250 3 0 350 400 450 (gdl/min)
g ‘ 2[‘10 ‘ 4&‘)3 ! 60‘!1 ‘ Séﬂ ‘ 1dm lE‘EI] ‘ 14:IK) ‘ lnSIIJG I 1800 (L/min)
Capacity

Figure 6.10 Typical performance curves for a centrifugal pump. Head
(H), capacity (Q), efficiency (), and NPSH are shown as function of
the flow

Source: Goulds Pumps, Inc., Seneca Falls, NY.
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6.5.2 Net Positive Suction Head

NPSH is a term describing conditions related to cavitation, which is
undesired and harmful. Cavitation is the creation of vapor bubbles in
areas where the pressure locally drops to the fluid vapor pressure. The
extent of cavitation depends on how low the pressure is in the pump.
Cavitation generally lowers the head and causes noise and vibration.
Cavitation first occurs at the point in the pump where the pressure is
lowest, which is most often at the blade edge at the impeller inlet, see
Figure 6.11.

The NPSH value is absolute and always positive. Hence, it is not
necessary to take the density of different fluids into account because
NPSH can be stated in meters (m) or in feet (ft). Distinction is made
between two different NPSH values: NPSHr and NPSHa.

NPSHa stands for NPSH available and is an expression of how close
the fluid in the suction pipe is to vaporization. NPSHa is dependent on
the vapor pressure of the fluid being pumped, energy losses in the suc-
tion piping, the location of the fluid reservoir, and the pressure applied

to the fluid in the reservoir. This can be expressed as

NPSHa = Ay + ho— hi = by (6.1)

Figure 6.11 Cavitation

Source: Grundfos Pumps, Downers Grove, IL.
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by, = Static pressure head above the fluid in the reservoir, expressed
in meters or feet of the liquid; }Jsp =2, ly

psp = static pressure above the fluid in the reservoir

hs = elevation difference from the level in the reservoir to the center-
line of the pump suction inlet, expressed in meters or feet

If the pump is below the reservoir, 4 is considered positive and if the
pump is above the reservoir, 4, is considered negative.

he = head loss in the suction piping due to friction and minor losses,
expressed in meters or feet

hy, = vapor pressure head of the liquid at the pumping temperature,
expressed in meters or feet; 4, = p,, /Y

Pvp = vapor pressure of the liquid at the pumping temperature

NPSHg is the minimum pressure required at the suction port of the
pump to keep the pump from cavitation. NPSHR is a function of the
pump and must be provided by the pump manufacturer. NPSHx must
be greater than NPSHR for the pump system to operate without cavita-

tion and is generally given by the equation

NPSH, >1.10 NPSH, 6.2)

The data given in pump catalogs for NPSH are for water and apply
only to the listed operating speed. If the pump is operated at a different
speed, the NPSH required at the new speed can be calculated from

2

N

(NPSHy), = [—ZJ (NPSH, ), (6.3)
Nl

where the subscript 1 refers to catalog data and the subscript 2 refers to

conditions at the new operating speed. The pump speed in rpm is V.

Example Problem 1
Determine the available NPSH for the system shown in Figure 6.12(a).

The fluid reservoir is a closed tank with a pressure of -20 kPa above
water at 70 °C. The atmospheric pressure is 100.5 kPa. The water level
in the tank is 2.5 m above the pump inlet. The pipe is a 1.5-in. Sched-
ule 40 steel pipe with a total length of 12.0 m. The elbow is standard
and the valve is a fully open globe valve. The flow rate is 95 L/min.
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h¥2 = Tank pressure head

Liquid with in suction line
™" vapor pressure head hvp

kj due to losses I

Eccentric reducer
h . atmospheric pressure head with
tank open

Liquid with
vapor pressure head ilﬂF

hf due to pipe friction,
two elbows, valve, entrance

Foot valve with
strainer

(a) (b)

Figure 6.12 The pump suction-line details and definitions of terms for
computing NPSH

Solution:

Absolute pressure = Atmospheric pressure + Tank gage pressure
pabs = 100.5 kPa — 20 kPa = 80.5 kPa

However, it is given that

b — Pus/ _805%X10° N/m’

e T =839
4 Y 9.59%10°N/m’ n

Based on the elevation of the tank
hs=+25m

To find the friction loss, we must find the velocity, Reynolds num-

ber, and friction factor:

. 3
v=g= 95L/m{? =X 1.0m =1.21m/s
A 1314x10”m~ 60,000L/min

_ WD 1.21x0.0409

Ny ——=1.20x10" (turbulent)
¥ 4.11x10
D _ 0.0409 389
£ 4.6x107

From the Moody diagram, f'= 0.0225; from previous chapters, fr =
0.021. From Figure 6.12(a).
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L\ o 2 " S
h, = f(Bj(g) 2f (30)(Z)+ £ (340)[ZJ +1.0Z

Pipe Elbow Valve Entrance
The velocity head is
2 2
o[ 222 0.0746 m
2¢ (2x9.81

Then the friction loss is

12
0.0409

h, = 0.0225( j(0.0746) +2(0.021)(30)(0.0746)

+0.021(340)(0.0746) +0.0746

hr=1.19m
From Table 6.1: Ay, = 3.25m at 70 °C
NPSHa = by £ hs— b= hp=89m+25m-1.19m - 3.25 m = 6.45 m
It is known that NPSHa > 1.10 NPSHg
NPSHgr < NPSHA/1.10
NPSHr < 6.45/1.10 = 5.86 m

Table 6.1 Vapor pressure and vapor pressure head

Vapor Vapor
Vapor Vapor | Pressure | Pressure
Temperature | Temperature | Pressure | Pressure Head Head
(°C) (°F) (kPa) (psi) (m) (ft)
0 32 0.6113 0.08854 0.06226 0.2043
5 40 0.8726 0.1217 0.08894 0.2807
10 50 1.2281 0.1781 0.1253 0.4109
15 60 1.7056 0.2563 0.1795 0.5917
20 70 2.3388 0.3631 0.2338 0.8393
30 80 4.2455 0.5069 0.4345 1.173
40 90 7.3814 0.6979 0.758 1.618
50 100 12.344 0.9493 1.272 2.205
60 120 19.932 1.692 2.066 3.948
70 140 31.176 2.888 3.25 6.775
80 160 47.373 4.736 4.967 11.18
90 180 70.117 7.507 7.405 17.55
95 202 84.529 11.52 9.9025 27.59
100 212 101.32 14.69 10.78 35.36
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6.5.3 Efficiency Curves

Pumps efficiency varies throughout its operating range. This information
is essential for calculating the motor power. The B.E.P. (best efficiency
point) is the point of highest efficiency of the pump. All points to the
right or left of the B.E.P have a lower efficiency (Figure 6.13). The impel-
ler is subject to axial and radial forces, which get greater the further away
the operating point is from the B.E.P. These forces manifest themselves as
vibration depending on the speed and construction of the pump. The
point where the forces and vibration levels are minimal is at the B.E.P.

In selecting a pump, one of the concerns is to optimize pumping ef-
ficiency. It is good practice to examine several performance charts at
different speeds to see if one model satisfies the requirements more effi-
ciently than another. Whenever possible the lowest pump speed should
be selected, as this will save wear and tear on the rotating parts. Note:
The pump performance curves are based on data generated in a test rig
using water as the fluid. These curves are sometimes referred to as water

performance curves (Figure 6.14).

8 1/2" DIA. IMPELLER

150 : B.E.P
160 - A 60 6{5 2.5 : il
68 i 3
R 140 79172 |
< 120
=
T 100 4
< 80 5 Ao ]
2 60 | B 1
0 10 20 30 40 50 60 70
PUMP FLOW CAPACITY v

Figure 6.13 Typical performance curve for specific impeller size
Source: Goulds Pumps, Inc., Seneca Falls, NY.
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Figure 6.14 Pump performance varies as the size of the impeller varies
Source: Goulds Pumps, Inc., Seneca Falls, NY.

6.5.4 Horsepower Curves

The horsepower curves are shown on the pump performance chart and
give the power required to operate the pump within a certain range. For
example (Figure 6.15), all points on the 20 hp performance curve will
be attainable with a 20 hp motor. The horsepower can be calculated

with the total head, flow, and efficiency at the operating point.

E g
= E
g |
£ 2
E 200 - i 60 2
= ] o R i U [ e M b e
150 6in P = == ~ \\ % @
——1 1 vl - \ N 40
100 H.\“‘w\/ = "a&‘ ™~ £
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50 P by —P_, % 0
W
0 1 0
0 50 100 150 200 250 300 350 400 450
Capacity (gal/min)
1 A 1 1 A | A1 1 1 o'l ¥ A 1 1 1 1 " 1 J
0 200 400 600 800 1000 1200 1400 1600 1800

Capacity ( L/min)

Figure 6.15 Curves showing the power required to drive the pump
have been added
Source: Goulds Pumps, Inc., Seneca Falls, NY.
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6.5.5 Affinity Laws for Centrifugal Pumps

It is important to understand the manner in which capacity, head, and
power vary when either speed or impeller diameter is varied. These rela-
tionships, called affinity laws, are listed here. The symbol V refers to the
rotational speed of the impeller, usually in revolutions per minute
(r/min, or rpm). The affinity laws are useful as they allow prediction of
the head discharge characteristic of a pump or fan from a known charac-
teristic measured at a different speed or impeller diameter. The only
requirement is that the two pumps or fans are dynamically similar; that

is, the ratios of the fluid forced are the same.

Law 1. With impeller diameter (D) held constant:

Law la. Flow is proportional to shaft speed:

N
Q_N (6.4)
QZ N2
Law 1b. Pressure or head is proportional to the square of shaft speed:
2
A _[ N, (6.5)
H2 NZ

Law 1c. Power is proportional to the cube of shaft speed:

3
P N
b B S 6.6
D, (NJ (60

Law 2. With shaft speed (N) held constant:

Law 2a. Flow is proportional to the impeller diameter:
)
Q D

Law 2b. Pressure or head is proportional to the square of impeller diameter:

H (DY
ki U et 6.
o) &

(6.7)
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Law 2c. Power is proportional to the cube of impeller diameter:
3
AL (6.9)
r\D,

e Qs the volumetric flow rate (e.g., GPM or L/s),

where

e D is the impeller diameter (e.g., in or mm),

e  Nis the shaft rotational speed (e.g., rpm),

e His the pressure or head developed by the fan/pump (e.g.,
psi or Pascal), and

e  Pis the shaft power (e.g., W).

These laws assume that the pump/fan efficiency remains constant,
i.e., i = 1, which is rarely exactly true, but can be a good approxima-
tion when used over appropriate frequency or diameter ranges (i.e., a fan
will not move anywhere near 1,000 times as much air when spun at
1,000 times its designed operating speed, but it may increase the flow by
99 percent when the operating speed is doubled). The exact relationship
between speed, diameter, and efficiency depends on the particulars of
the individual fan or pump design. Product testing or computational
fluid dynamics become necessary if the range of acceptability is un-
known, or if a high level of accuracy is required in the calculation. In-
terpolation from accurate data is also more accurate than the affinity
laws. When applied to pumps, the laws work well for the constant
diameter variable speed case (Law 1) but are less accurate for the con-

stant speed variable impeller diameter case (Law 2).

Example Problem 2

Assume that the pump for which the performance data are plotted in
Figure 6.16 was operating at a rotational speed of 1,750 rpm and that
the impeller diameter was 330 mm. First determine the head that would
result in a capacity of 5,670 L/min (1,500 gal/min) and the power re-
quired to drive the pump. Then, compute the performance at a speed of
1,250 rpm.
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Figure 6.16 Complete performance rating of a pump, superimposing
head, efficiency, and power curves and plotting all three versus
capacity

From Figure 6.16 projecting upward from Qi = 5,670 L/min (1,500

gal/min) gives
Total head = 40 m = A
Power required = 37 kW = P,

When the speed is changed to 1,250 rpm, the new performance can
be computed by using the affinity laws:

Capacity: Q2 = Q1 (IV/V1) = 5,670(1,250/1,750) = 4,050 L/min
Head: b = ha(N2/NY)? = 40(1,250/1,750)? = 20.4 m
Power: P, = Pi(IVo/NY)? = 37(1,250/1,750)% = 13.5 kW

Note the significant decrease in the power required to run the pump.
If the capacity and the available head are adequate, large savings in energy

costs can be obtained by varying the speed of operation of a pump.

6.6 Coverage Chart for Centrifugal Pumps

A coverage chart (Figure 6.17) makes it possible to do a preliminary
pump selection by looking at a wide range of pump casing sizes for a
specific impeller speed. This chart helps to narrow down the choice of

pumps that will satisfy the system requirements.
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Figure 6.17 A composite rating chart for one line of pumps, which
allows the quick determination of the pump size
Source: Goulds Pumps, Inc., Seneca Falls, NY.

6.7 Composite Performance Chart

Figure 6.18 shows a typical pump performance chart for a given model,
casing size, and impeller rotational speed. A great deal of information is
crammed into one chart and this can be confusing at first. The perfor-
mance chart covers a range of impeller sizes, which are shown in even
increments of 1 in. from 6 in. to 10 in. Impellers are manufactured to
the largest size for a given pump casing and machined or “trimmed” to
the required diameter when the pump is sold.

Figures 6.19 to 6.24 show the composite performance charts for six

other medium-sized centrifugal pumps.
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Figure 6.18 All the data are put together on one chart, so the user
can see all important parameters at the same time
Source: Goulds Pumps, Inc., Seneca Falls, NY.
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Figure 6.19 The performance of a 1.5 x 3, 6 centrifugal pump at
1,750 rpm.

Source: Goulds Pumps, Inc., Seneca Falls, NY.
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Figure 6.20 The performance of a 3 x 4, 10 centrifugal pump at

1,750 rpm
Source: Goulds Pumps, Inc., Seneca Falls, NY.)
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Figure 6.21 The performance of a 3 x 4, 13 centrifugal pump at

1,750 rpm
Source: Goulds Pumps, Inc., Seneca Falls, NY.
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Figure 6.22 Shows the performance of a 6 x 8, 17 centrifugal pump
at 1,780 rpm
Source: Goulds Pumps, Inc., Seneca Falls, NY.
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Figure 6.23 The performance of a 2 x 3, 8 centrifugal pump at
3,560 rpm.
Source: Goulds Pumps, Inc., Seneca Falls, NY.



114 HYDRAULIC ENGINEERING

800

| NPSH, |s& |m& |
- 43 15k y
3in I |ss 5"||61 206 25H
700/—F e
| ., "’-:.v. t:-4 65 [
mc‘%i—L HIEN ATt ] 68 e 200
= ¥ N H 2 F B
3 500_T‘_'_ﬂ't‘h}f~_\a\ ! 4\\ - AN %
& 10in | |“~\ N“ Ny oA \'I}"\ F150 =
& 400 | T <] \| L\\ %J\’/{ T M 15 =
SR 1S N 2 N 3 SQE AN
100 —T_T \& ‘:\._ff?ﬂ’x{ | 100 HP L 100
TSR
SRS | somp 75
200 40;‘;], L soHP +—1
i sl B T
(] 100 200 300 400 SO0 600 700
| Capacity (gal/mirn)
0 400 800 1200 1600 2000 2400 2800
Capacity (Lfmin)
igure 6. e performance of a 1.5 x 3, 13 centrifugal pump a
Figure 6.24 Th 1.5 x 3, 13 centrifugal t
3,560 rpm

Source: Goulds Pumps, Inc., Seneca Falls, NY.

6.8 Operating Point of a Pump and Pump Selection

The operating point of a pump is defined as the volume flow rate it will
deliver when installed in a given system. The total head developed by
the pump is determined by the system resistance corresponding to the

same volume flow rate. Figure 6.25 illustrates the concept.

Opermting
point 2

Curve B—Throttling valve partially closed

System curve A—All valves open

Opcrating point 1

Pump mating curve

I
I
I
I
I
I
I

L
o, ,
Pump capacity

Figure 6.25 Operating point of a pump
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The pump is holding the fluid at the elevation of the destination
point in the system and maintaining the fluid pressure at that point.

This point is called the total static head, where

h, zpz—;pl"'(zz_zl) (6.10)

This equation, derived from the energy equation, illustrates that the
pump must develop a head equal to the pressure head difference be-
tween the two reference points plus the elevation head difference before
any flow is delivered. As the flow increases with its corresponding in-
crease in total head, the system curve eventually intersects the pump
rating curve. Where the system curve and the pump rating curve inter-

sect is the true operating point of the pump in this system.

Example Problem 3

A centrifugal pump must deliver at least 945 L/min of water at a total
head of 91 m (300 ft) of water. Specify a suitable pump. List its perfor-

mance characteristics.

Solution:

From Figure 6.18 it can be determined that the pump with a 0.23-m (9-
in.) impeller will deliver approximately 1,040 L/min (275 gal/min) at 91
m (300 ft) of head. At this operating point, the efficiency would be 57
percent, near the maximum for this type of pump. Approximately 28
kW (37 hp) would be required. The NPSHr at the suction inlet to the
pump is approximately 2.8 m (9.2 ft) of water.

Example Problem 4

Figure 6.26 shows a system in which a pump is required to deliver at
least 850 L/min of water at 15 °C from a lower reservoir to an elevated
tank maintained at a pressure of 240 kPa gage. Length of suction line is
2.44 m and discharge line is 110 m. Design the system and specify a

suitable pump.
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Figure 6.26 Example Problem 4

Solution:

Step 1. fluid—water at 15 °C (Q = 850 L/min minimum)
Source: lower reservoir; p = 0 kPa
Elevation = 2.4 m above pump inlet
Destination: upper reservoir; p = 240 kPa
Elevation = 26.8 m above pump inlet

Step 2. Water at 15 °C:

7 =9.80 kN/m* v =1.12 x 10° m*/s; by = 0.182 m.

Step 3. Figure 6.26 shows the proposed layout.
Step 4. Design decisions—Suction line is 2.4 m long; discharge line is
110 m.
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Step 5. Suction pipe is 3.5-in. Schedule 40 steel pipe; D = 0.09 m;
A=6.381x 107 m?

Discharge line is 2.5-in. Schedule 40 steel pipe; D = 0.063
m; A=3.09 x 10°% m?

Step 6. Reference point 1 is the surface of the lower reservoir. Refer-
ence point 2 is the surface of the upper reservoir. Computing
all the major and minor losses through the system, the head
loss /1. was determined to be 41.42 m.

The result for the total dynamic head is given by

a

b, =(z, -2 )+L2+h =244+24.5+41.42=90.32m
4

Step 7. Total static head is

b=z —2)+ L") _ 9444 24.4=48.9m
/4
Step 8. Pump selection—From Figure 6.17: 2 x 3, 10 centrifugal pump
operating at 3,500 rpm. The desired operating point lies be-
tween the curves for the 8-in. and 9-in. impellers. We specify
the 9-in. impeller diameter so the capacity is greater than the

minimum of 850 L/min or 0.014 m?/s.

6.9 Pumps Operating in Parallel or Series

Many fluid flow systems require largely varying flow rates that are diffi-
cult to provide with one pump without calling for the pump to operate
far off its best efficiency point.

When two or more pumps are arranged in parallel, their resulting
performance curve is obtained by adding their flow rates at the same
head as indicated in Figure 6.27. Centrifugal pumps in parallel are used
to overcome larger volume flows than one pump can handle alone.

When two (or more) pumps are arranged in series, their resulting
pump performance curve is obtained by adding their heads at the same
flow rate as indicated in the Figure 6.28. Directing the output of one
pump to the inlet of a second pump allows the same capacity to be ob-
tained at a total head equal to the sum of the ratings of the two pumps.
This method permits operation against unusually high heads.
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6.10 Life Cycle Cost of Pumps

The term life cycle cost (LCC) refers here to the consideration of all
factors that make up the cost of acquiring, maintaining, and operating a
pumped fluid system.

Good design practice seeks to minimize LCC by quantifying and

computing the sum of the following factors:
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. Initial cost to purchase the pump, piping, valves and other accesso-

ries, and controls.

2. Cost to install the system and put it into service.

. Energy cost required to drive the pump and auxiliary components
of the system over the expected life.

. Operating costs related to managing the system including labor and
supervision.

. Maintenance and repair costs over the life of the system to keep the
pump operating at design conditions.

. Cost of lost production of a product during pump failures or when
the pump is shut down for maintenance.

. Environmental costs created by spilled fluids from the pump or
related equipment.

. Decommissioning costs at the end of the useful life of the pump,

including disposal of the pump and cleanup of the site.
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Properties of Water

Table A.1 U.S. customary system units (14.7 psia)

Temperature | Dynamic Viscosity () | Kinematic Viscosity (v)

(°F) (Ibes/ft?) x 107 (fe}fs) x 107
32 3.732 1.924
40 3.228 1.664
50 2.73 1.407
60 2.344 1.21
70 2.034 1.052
80 1.791 0.926
90 1.58 0.823
100 1.423 0.738
120 1.164 0.607
140 0.974 0.511
160 0.832 0.439
180 0.721 0.383
200 0.634 0.339
212 0.589 0.317

Table A.2 Metric units (101 kPa abs)

Temperature | Dynamic Viscosity (z) | Kinematic Viscosity (v)

(°C) (Pas, N-s/m?) x 107 (m?/s) x 107
0 1.787 1.787
5 1.519 1.519
10 1.307 1.307
20 1.002 1.004
30 0.798 0.801
40 0.653 0.658
50 0.547 0.553
60 0.467 0.475
70 0.404 0.413
80 0.355 0.365
90 0.315 0.326

100 0.282 0.29
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Properties of Common
Liquids

Table B.1 SI units (101 kPa and 25 °C)

Specific Specific Dynamic | Kinematic
Gravity | Weight (y) | Density | Viscosity | Viscosity
Fluid (s.g.) (kN/m?) (kg/m?) (Pa-s) (m?/s)

Acetone 0.787 1.72 787 3.16E-04 4.02E-07
Ethyl alcohol 0.787 1.72 787 1.00E-03 1.27E-06
Methyl alcohol 0.789 1.74 789 5.60E-04 7.10E-07
Propyl alcohol 0.802 7.87 802 1.62E+01 2.02E-02
Aqua ammonia 0.91 8.93 910

Benzene 0.876 8.59 876 6.03E-04 6.88E-07
Carbon

tetrachloride 1.59 15.60 1,590 9.10E-04 5.72E-07
Castor oil 0.96 9.42 960 6.51E-01 6.78E-04
Ethylene glycol 1.1 10.79 1,100 1.62E-02 1.47E-05
Gasoline 0.68 6.67 680 2.87E-04 4.22E-07
Glycerine 1.258 12.34 1,258 9.60E-01 7.63E-04
Kerosene 0.823 8.07 823 1.64E-03 1.99E-06
Linseed oil 0.93 9.12 930 3.31E-02 3.56E-05
Mercury 13.54 132.83 13,540 1.53E-03 1.13E-07
Propane 0.495 4.86 495 1.10E-04 2.22E-07
Seawater 1.03 10.10 1,030 1.03E-03 1.00E-06
Turpentine 0.87 8.53 870 1.37E-03 1.57E-06
Fuel oil, medium 0.852 8.36 852 2.99E-03 3.51E-06
Fuel oil, heavy 0.906 8.89 906 1.07E-01 1.18E-04
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Table B.1 SI units (101 kP 14.7 psia and 77 °F)

Specific | Specific Dynamic Kinematic
Gravity | Weight | Density | Viscosity Viscosity
Fluid (s.g.) (») (slugs/ft’) (Ib-s/ft?) (ft¥/s)

Acetone 0.787 48.98 1.53 6.60E-06 4.31E-06
Ethyl alcohol 0.787 49.01 1.53 2.10E-05 1.37E-05
Methyl alcohol 0.789 49.10 1.53 1.17E-05 7.65E-06
Propyl alcohol 0.802 49.94 156 4.01E-05 2.57E-07
Aqua ammonia 0.91 56.78 1.77
Benzene 0.876 54.55 1.7 1.26E-05 7.41E-06
Carbon
tetrachloride 1.59 98.91 3.08 1.90E-05 6.17E-06
Castor oil 0.96 59.69 1.86 1.36E-02 7.31E-03
Ethylene glycol 1.1 68.47 2.13 3.38E-04 1.59E-04
Gasoline 0.68 42.40 1.32 6.00E-06 4.55E-06
Glycerine 1.258 78.50 2.44 2.00E-02 8.20E-03
Kerosene 0.823 51.20 1.6 3.43E-05 2.14E-05
Linseed oil 0.93 58.00 1.8 6.91E-04 3.84E-04
Mercury 13.54 844.90 26.26 3.20E-05 1.22E-06
Propane 0.495 30.81 0.96 2.30E-06 2.40E-06
Seawater 1.03 64.00 2 2.05E-05 1.03E-05
Turpentine 0.87 54.20 1.69 2.87E-05 1.70E-05
Fuel oil,
medium 0.852 53.16 1.65 6.25E-05 3.79E-05
Fuel oil, heavy 0.906 56.53 1.76 2.24E-03 1.27E-03




APPENDIX C

Dimensions of Steel Pipe

70-9€L°8 | 96£6°0 yeee 9'66¢ Y601 | €T°¢l 4! 4!
0-4977°L ILLLO e0e 6'¢Te 8¥66°0 | ¥6'T1 SLTl 4
70-460°S 6LYS0 Syt 1'eL 6¢8°0 | 7001 GL01 01
0-9€T¢ | UFEO 170t eIt 16990 | 86'L €98 8
0-498°T | 9007°0 [R49! €891 $605°0 | L09 €99 9
0-467°1 6¢1°0 8Tl €IP1 907+'0 | S0°S 96°6 S
€0-917'8 | #8800 (A 248! Geec0 | €0 Y 4
€0-d8¢'9 | 898900 1°06 9101 LS6T0 | SS°¢ 4 %t
€0-dLLY | T€150°0 6'LL 688 LSSTO | L0 §e ¢
€0-d60°¢ | 97¢€00 L'79 €L 8607°0 | L¥'T 887 %t
€0-HLT'T | €€€70°0 49 €09 €TLT0 | L0T 8¢ 4
€0-4I€T | ¥IYIO0 60k '8y WETo | 1971 6’1 %l
$0-H59'6 | 6£010°0 I'se (44 GIT0 | 8¢'1 991 7l
$0-4LSS 9000 99t yee ¥L80°0 | <SO'T (4! I
YO-ab¥'¢ | LE000 607 L9 L8900 | 780 SO'1 i€
¥0-396'T | 112000 861 ¢1e 81600 | 790 ¥8°0 [
YO-3¥T'T | €€100°0 A4l A 1100 | 60 890 8/¢
S0-97L'9 | €7L000°0 6 L€l €0¢00 | 9¢0 ¥$°0 /1
§0-499°¢ | ¥6£000°0 89 €0l ¥7700 | LT0 540 8/1
() () (W) euroyuy | (ww) [ewsdxy | (33) | (“ur) | () [ewddxy
[euIalu]
B3Iy MO[] Ijower(] Iojourer(] (ur) az1g ad1] [eUTWON

0% 21Mp2YydS 1°D 219PL




APPENDIX C

126

10-365C w6L'T L'vLS 9609 9881 | €97 v v
10-496L°1 1€6'1 6'LLY 805 8961 | 1881 07 07
10-3b¥'1 €571 L8ty TLSy 90’1 | 8891 81 81
10-341°1 Lt 18¢ ¥90¥ 4! Sl 91 91
(Zur) (29 (wowr) Jeusouy | (W) [RUIIIXF 3¥) (cur) | (‘ur) feuraxyg
Jeurayuy
BIIY MO[] Jdjower(] Jdjawer(] (*ur) 9zIg 2d1J eurwIoON




127

APPENDIX C

10-3¥0°T | 889TT'T YLy €9¢ ¥'90F STOT'T | T€HT 91 91
0-976°L | 1177580 GLIE 9°66¢ LTVO'T | ST 4! 4!
70-995°9 | 9€€90L°0 760681 68¢eTe €8Y6°0 | 8CTI SLTI 4!
0-3€9t | vL¥S6Y0 Y8 THT S0¢Lt L96L0 | 956 GLol 01
T0-H3S6'T | ¥TSLIEO w08°¢ol w6l 86€9°0 | €9°L €9'8 8
70-489°T | 956081°0 YOE9P1 07891 008%°0 | 9L €99 9
0-dL1°T | 8819710 PLITT YTyl 800Y0 | I8t 966 S
€0-d€¥°L | 900080°0 8TL6 CHIT 61¢0 | €8¢ %4 14
€0-d7L°6 | SLST90°0 Yhees 9101 00870 | 9¢'¢ 4 %e
€0-397% | 6985¥0°0 99°¢L 6'88 LIYT0 67 G ¢
€0-d€L°T | 95€670°0 8768 el €e6l’0 | et 88 %t
€0-d16°'T | L75070°0 LT 6¥ 75¥°09 LI9T0 | +61 8¢°C [4
€0-aYI'T | ZLTT10°0 I8¢ 9T’ 8y 0s71°0 Gl 6'1 %l
¥0-H0€'8 | 9€6800°0 Ise Y91 TH L9010 | 87T 991 nl
¥0-4L9v | L70S00°0 ¥8E¥T 876¢¢ 00800 | 960 w©l !
YO-4LLT | L86700°0 96L°81 L9°9T L1900 | +L°0 S0'1 i€
YO-4ES°T | 0991000 L6°€T 9¢¢71C 85¥0°0 | S50 ¥8°0 [
S0-dv6'8 | 7960000 89901 wrll 05€00 | 0 890 8/¢
60-495¥ | 16¥000°0 L 91L¢l 0s70°0 €0 ¥$°0 i
S0-dS¥'T | ¥97000°0 886°¢ Y1401 €810°0 | 70 Iv°0 8/1
(z7) (M) [T R R e R (33) | (ur) | (up) pewsexg
[euIaluy
BIIY MO[] FESEINTITg | Jajower( (ur) az1g ad1 ] [eUTWON]

08 21mp2Ys§ ¢°D 219P.L




APPENDIX C

128

10-49¢€°T | LTSeST Y9 LS 9609 L96L'T | 99°1¢ vZ 1
10-4€9°T | 8€SSL'T 9L9°5S¥ 80 0S6v'T | #6'L1 0¢ 07
10-97¢'T | $061+'1 70L°60y TLSY et | €191 81 81
(Zur) (19) (wour) [euysu] | (W) [EUIAIXY (33) | (ur) | (cur) [eualxyg
Jeuayuy
BTy MO[] Jdjower(] Ijower( (‘ur) 9z1g adig [eUrWION




APPENDIX D

’ f Type K
Copper Tubing

mensions o

.

D

70-d6+°9 1678690 'L8T 00'80¢ 679167760 | SICTT YANAL 4t
20-d75'¥ 99698%°0 001 0T'LsT ¥L8L°0 6¥¥'6 YAN! 01
70-4d16'C $79€1€°0 79761 6¢°90C 61€9°0 €8¢6°L TAR 8
70-429'1 $9L6L1°0 [1E9 4! 66°661 ¥8L¥°0 1vL'S G119 9
0-4LT'1 9765710 9071 61°0¢1 00%°0 S08'v AN 9
€0-d¥s°L 8¢T180°0 86°L6 8L ¥01 ¥17¢°0 L68°¢ YA ¥
€0-4dI18°¢ S6¥790°0 66'G8 8076 1787°0 G8¢'¢ G19°¢ (419
€0-d87'¥ 1609%0°0 $8¢L 8¢°6L o L06°C TANS ¢
€0-400°¢ 6£€7¢0°0 8’19 8999 6707°0 Sev't G09'C %t
€0-dv6°'1 1€6020°0 oL 6y 86'¢S 7¢91°0 6561 YA 4
CO-dIT'T €96110°0 9'Le 8T 1Y €710 18¥°1 S9'1 ul
$0-4S8°L $5#800°0 €9'1¢ [ 1841 L€0T0 YT GLET il
¥0-470°¢ 00¥500°0 87T 86'8C 67800 G660 TAN! 1
¥0-418°C L70€00°0 7681 €T 17900 SvL0 GL8'0 bl¢
$0-4ST1°C 61€700°0 9691 061 7500 7590 GL0 8/s
$0-41¥°'1 S16T100°0 6¢°¢l 88°¢1 6¢%0°0 L7650 G790 Ul
10+d61°8 | ¥8¢7IH188 €9 11701 0LZ1 0006°¢¢ w0y G0 8/¢
S0-H68°¢ 81+000°0 $0°L €56 1€20°0 LLT0 GLED ¥/l
SO-d+9'1 LLT000°0 LSY Ge9 06100 810 S0 8/1
(@) | (o9) | (ww) pusiu] | (ww) ewsong | () | (9 | (o) [eweng
ﬁ®h< 30—...# —NQHOHQH







APPENDIX E

Conversion Factors

Table E.1 Conwversion factors length, area, and volume

Length Conversion Factors

Length

To convert from to multiply by
mile (U.S. statute) kilometer (km) 1.609347

inch (in.) millimeter (mm) 25.4

inch (in.) centimeter (cm) 2.54

inch (in.) meter (m) 0.0254

foot (ft) meter (m) 0.3048

yard (yd) meter (m) 0.9144

Area Conversion Factors

Area

To convert from to multiply by
square foot (sq ft) square meter (sq m) 0.09290304
square inch (sq in.) square meter (sq m) 0.00064516
square yard (sq yd) square meter (sq m) 0.83612736
acre (ac) hectare (ha) 0.4047
Volume Conversion Factors

Volume

To convert from to multiply by
cubic inch (cu in.) cubic meter (cu m) 0.00001639
cubic foot (cu ft) cubic meter (cu m) 0.02831685
cubic yard (cu yd) cubic meter (cu m) 0.7645549
U.S. liquid

gallon (gal) cubic meter (cu m) 0.00378541
gallon (gal) liter 3.785

fluid ounce (fl oz) milliliters (mL) 29.57353

fluid ounce (fl oz) cubic meter (cu m) 0.00002957
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Table E.2 Conwversion factors for force, pressure, and mass

Force Conversion

Factors
Force
To convert from to multiply by
kip (1,000 Ib) kilogram (kg) 453.6
kip (1,000 Ib) newton (N) 4,448.22
pound (Ib) avoirdupois kilogram (kg) 0.4535924
pound (Ib) newton (N) 4.448222
Pressure or Stress
Conversion Factors
Pressure or stress
To convert from to multiply by
kip per square inch (ksi) megapascal (MPa) 6.894757
kilogram per square meter
pound per square foot (psf) (kg/sq m) 4.8824
pound per square foot (psf) pascal (Pa) 41.88
pound per square inch (psi) pascal (Pa) 6,894.76
pound per square inch (psi) megapascal (MPa) 0.00689476
Mass Conversion Factors
Mass (weight)
To convert from to multiply by
pound (1b) avoirdupois kilogram (kg) 0.4535924
ton, 2,000 1b kilogram (kg) 907.1848
grain kilogram (kg) 0.0000648
Mass (weight) per length
kip per linear foot (klf) kilogram per meter (kg/m) 0.001488
pound per linear foot (plf) kilogram per meter (kg/m) 1.488
Mass per volume (density)
kilogram per cubic meter
pound per cubic foot (pcf) (kg/cu m) 16.01846
kilogram per cubic meter
pound per cubic yard (Ib/cu yd) (kg/cu m) 0.5933
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Index

Absolute viscosity (i), 8
Acceleration(a), 2
Adhesion, 2, 3

Axial flow pumps, 96

Bernoulli’s equation, 11-14
restrictions on, 14
Best efficiency point, 105

Can turbine pumps, 96
Capillarity, 2
Cavitation, 99
Centrifugal force, 94
Centrifugal pumps, 92-97
affinity laws for, 107-109
coverage chart for, 109-110
performance data for, 100-109
Close-coupled pumps, 95
Cohesion, 2, 3
Common liquids, properties of,
123-124
Composite performance chart,
110-114
Cone angle(6), 55
Continuity equation, 10-11
Conversion factors, 131-135
Critical region, 34
Cross iteration technique, 8385
for analyzing flow in pipe
networks, 84—85

Darcy equation, 21, 36
Density (p), 3—4
Diaphragm pumps, 97-98
Diftuser, 52
Displacement pump, 92
Dynamic pump, 92

Efficiency curves, 105
Elevation head, 13, 14

End-suction centrifugal pumps, 94-95

Energy additions (44), 21
Energy losses (4r), 21
equation, 70
magnitude of, 21
Energy removals (4r), 21
Energy transfer, 94
Entrance loss, 58—59
Equivalent length ratio, 61-62
Exit loss, 59

Flow energy (FE), 12
Flow rate, 810
mass, 9-10
volume, 9
weight, 10
Flow, types of
critical, 34
laminar, 35
turbulent, 35-37
Fluid friction, 20-21
Fluid motors, 20
mechanical efficiency of, 29
power delivered to, 28
vs. pumps, 20
Force(F), 1-2
Frame-mounted pumps, 95
Friction factor, 61-62
equations, 40-42
for laminar flow, 40
for turbulent flow, 40
using Moody diagram, 37-39
Fundamental concepts, 1-18
Bernoulli’s equation, 11-18
density and specific weight, 3-6
flow rate, 8—10
force and mass, 1-2

law of conservation of energy, 11-18

pressure, 7—8
principle of continuity, 10-11
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Fundamental concepts (Continued)
specific gravity, 6-7
surface tension and capillarity, 2-3
viscosity, 8

Gage pressure, 7
General energy equation, 22-26
fluid flow system demonstrating,
22-23
Gerotor, 20
Gradual contraction, 55-57
Gradual enlargement, 50-52

Hagen—Poiseuille equation, 35

Hardy Cross method, 82-90

Hazen—Williams coefficient (Cs), 43

Hazen—Williams formula, 42—43
nomograph for solving, 44

Head, 21

Horsepower curves, 106

Hydraulic engineering
fundamental concepts, 1-18
general energy equation, 22-26
minor losses, 47—66

Hydraulic motor, construction and

working of, 20
Hydraulic pumps, 91

Iterative method, 72-74

Kinematic viscosity (), 8
Kinetic energy (KE), 12

Laminar flow, 35

value of friction factor for, 40
Law of conservation of energy, 11-14
Life cycle cost (LCC), 118-119
Line shaft turbine pumps, 96

Mass(m), 1-2
Mass flow rate, 9-10
Mechanical efficiency (em)
of fluid motors, 29
of pumps, 28

Minor losses, 21, 47—-66
entrance loss, 58—59
exit loss, 59
gradual contraction, 55-57
gradual enlargement, 50-52
pipe bends, resistance coefficient
for, 62—-64
sudden contraction, 53-55
sudden enlargement, 48-50
valves and fittings, resistance
coefficients for, 59-62
Moody diagram, 37-39

Net positive suction head (NPSH),
101-104

Operating point of pump, 114-117

Parallel pipe system, 76-90
Pascal (Pa), 7
Peristaltic pumps, 98-99
Pipe bends, resistance coefficient for,
62-66
Positive displacement pumps
diaphragm, 97-98
peristaltic, 98-99
progressive cavity, 99
Potential energy (PE), 12
Power
delivered to fluid motors, 28
generated by pumps, 26-28
Pressure (P), 7-8
Pressure energy. See Flow energy
Pressure head, 13, 14
Principle of continuity, 10-11
Progressive cavity pumps, 99
Pumps, 19
cavitation, 99
centrifugal, 92-97
composite performance chart,
110-114
direct lift, 19
displacement, 19
displacement, 92



dynamic, 92

vs. fluid motors, 20

gravity, 19

life cycle cost of, 118-119

mechanical efficiency of, 28

operating in parallel or series, 117—
118

operating point of, 114-117

positive displacement, 97-99

power generated by, 26-28

Rate of fluid flow. See Volume flow
rate
Relative roughness, of pipe, 36-37
Resistance coefficient, 21, 47
entrance loss, 58—59
exit loss, 59
gradual contraction, 56-57
gradual enlargement, 50-51
pipe bends, 62-64
sudden contraction, 53—-54
sudden enlargement, 48-50
valves and fittings, 59-62
Reynolds number(Ng), 33-35

Series pipeline systems, 67-75
Specific gravity, 6-7

Specific weight (), 4-6

Split case pumps, 95

Standard curves, 100

Steel pipe, dimensions of, 125-128
Submersible turbine pumps, 97

INDEX 139

Sudden contraction, 53-55
Sudden enlargement, 48-50

Surface tension, 2

Total dynamic head (TDH), 91
Total energy (E), 13
Total head, 13, 14
Turbines. See Pumps
Turbulent flow, 35-37

value of friction factor for, 40
Type K copper tubing, dimensions

of, 129

Unit weight. See Specific weight

Valves and fittings, 21-22
resistance coefficients for, 59—62
Velocity head, 13, 14
Vena contracta, 55
Vertical turbine pumps, 96-97
Viscosity, 8
absolute, 8
kinematic, 8
Volume flow rate (Q), 9
Volume velocity. See Volume flow
rate

Volute, 93

Water, properties of, 121
Weight (w), 2
Weight flow rate (W), 10
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