Flow of liquids

3.1 Fundamental equations
3.1.1 Explanation of concepts
3.1.2 The continuity equation
3.1.3 Bernoulli’'s equation
3.1.4 The momentum equation
3.1.5 The energy equation

3.2 Pipe flow losses
3.2.1 Reynolds Number
3.2.2 Head losses in straight pipes
3.2.3 Head losses in fittings
3.2.4 Hydraulic diameter
3.2.5 Total head losses in the pipe system
3.3 Liquid-solid mixtures
3.3.1 General
3.3.2 Homogeneous mixtures
3.3.3 Heterogeneous mixtures
3.3.4 Paper puip
3.3.4.1 General
3.3.4.2 Calculation of pipe flow losses
3.3.4.3 Calculation example

3.4 Pressure losses - nomograms and diagrams

3.4.1 General

3.4.1.1 Calculation example
3.4.2 Water

3.4.2.1 Calculation example
3.4.3 Oil
3.4.4 Paper pulp

PUMPING MANUAL International

3.5 Flow measurement
3.5.1 General
3.5.1.1 Measurement requirements
3.5.1.2 Methods of measurement
3.5.1.3 Measuring range
3.5.2 Flow meters for pipes
3.5.2.1 Electromagnetic flow meters
3.5.2.3 Orifice plates and nozzles
3.5.2.4 Venturi meters
3.5.2.5 Turbine meters
3.5.2.6 Ultrasonic meters
3.5.2.7 Swirl flow meters
3.5.2.8 Vortex shedding flow meters
3.5.3 Flow meters for open channels
3.5.3.1 Measurement flumes
3.5.3.2 Weirs and notches
3.5.3.3 Vanes
3.5.4 Other instruments for flow measurements
3.5.4.1 Tanks
3.5.4.2 Pitot-static tube
3.5.4.3 Current meter
3.5.4.4 Laser-doppler
3.5.4.5 Hot-wire anemometer
3.5.4.6 Various arrangements for checking flow
3.5.5 Measurement standards
3.5.5.1 Measurement in pipe and duct systems
3.5.5.2 Measurement in open channels

3.6 Useful references

LIBERTY EXHIBIT 1014, Page 125
95



3 Flow of liquids

3.1 Fundamental equations

3.1.1 Explanation of concepts

The processes of flow occurring in nature are usually very com-
plex and difficult to deal with. In many technical applications,
however, perfectly acceptable resuits can be obtained from cal-
culations based upon simplified considerations. Some of the
concepts and conditions germane to this concept are dis-
cussed in this chapter.

Aflow process is steady if all flow parameters - pressure, veloc-
ity, etc. - at any specific point in the flow field are independent of
time. According to this definition practically all flow processes
are unsteady. In practice, many can, with sufficient accuracy,
be treated as steady using suitable mean time values. The fun-
damental equations presented in later sections are valid for
steady flow.

Extra care should be taken with certain pumping installations
where steady state conditions may not exist. Low head, high
flow centrifugal pumps with wide impeller tip widths produce ve-
locity variations across the flow stream. Some positive dis-
placement pumps, with a small number of pumping elements,
produce cyclic flow and pressure variations. The amplitude of
these variations is dependant upon the piping system as well as
the pump construction.

Flow is generally three-dimensional, i.e. the flow parameters
vary with all three co-ordinates defining some pointin space. In
many practical cases of flow the number of dimensions studied
may be reduced whilst still maintaining accuracy. A common
example is pipe flow, where the parameters are assumed to
vary in only one direction, i.e. the longitudinal dimension of the
pipe.

One-dimensional flow assumes that flow parameters can be
described by mean values across the flow through-section, see
Figure 3.1. In principle, different mean values should be applied
when studying continuity, momentum and energy. In the case
of pipe flow, the mean velocity in the pipe is defined as the vol-
ume flow divided by the cross-sectional area of the pipe (v =
Q/A). This mean velocity can as a rule be used with adequate
accuracy for most purposes.

An important property of a flowing mediumi is its density and the
changes in density which occur during flow. A gas is com-
pressed, i.e. the density increases, when the pressure some-
where in the flow increases. This type of flow is called com-
pressible flow. In a liquid system density variations are very
small under great changes of pressure. Liquid flow can thus,
with sufficient accuracy, be treated as incompressible. This is
also the case with gases at low fiow velocities when the pres-
sure changes are small. Liquid compressibility may be impor-
tant for pump selection. Hotliquids and liquefied gases may re-
quire special consideration depending upon the differential
pressure. Power is required to compress liquids. Ignoring lig-
uid compressibility can result in low flow and/or undersized
pump drivers.

Astreamline is a curve to which the velocity vector is tangential
at any point. In the case of steady flow, the streamlines remain
unchanged with time and describe the path of a liquid particle
passing through the flow field. The streamlines through all

Figure 3.1 Example of one-dimensional flow

Velocity vector - v

Figure 3.2 Streamiine and flow tube

points on a closed curve in the flow field constitute a flow tube.
See Figure 3.2. No mass will pass through the circumferential
boundary surface of a flow tube. The flow tube is thus reminis-
cent of an ordinary pipe. In the case of a pipe, however, there
are strong frictional effects associated with the wall of the pipe
which do not necessarily occur in a flow tube.

3.1.2 The continuity equation

The continuity equation is a statement for the condition that
mass is not created or destroyed during a flow process.

Assuming that the flow is steady, the mass flow m must be of
equal magnitude everywhere along the pipe or the flow tube. In
the case of one-dimensional flow in Figure 3.1.

m=6-v-A=r5 v A Equ3.1
or for an incompressible liquid flow,

Q=v A =y A Equ3.2
where:

Q = volume flow (m%/s)

v = Q/A = flow velocity (m/s)

A = cross-sectional area (m?)

When the cross-sectional area in a pipe reduces, then, accord-
ing to the continuity equation, the flow velocity increases. If the
area is halved, the velocity doubles and so on.

Since there is no increase in mass at the point of branching, the
mass flow entering will equal the total mass discharging per unit
time. Using the symbols of Figure 3.3,

Q‘ = Q" * Qm
or

Vit A= Ve At v Ay
3.1.3 Bernoulli’s equation

Bernoulli's equation is an equation of motion for incompressible
flow based on Newton'’s second law of motion adapted for fluids
and Euler’s equation of motion. The equation expressesthere-
lationship between:

Equ3.3

+ static pressure
¢ potential energy

¢ kinetic energy

Figure 3.3 Branching
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3 Flow of liquids

Figure 3.4 Symbols used in Bernoulii's equation

e friction losses

Using Figure 3.4, Bernoulli’'s equation, for steady, one-dimen-
sional, constant temperature and incompressible flow between
stations | and Il, becomes:

&+L'2+gz|:&+£+gz,,+é& Equ3.4
p 2 2 p
where:
p = static pressure (gauge) (Pa)
p = density (kg/m®)
v = velocity (m/s)
g = gravitational acceleration (m/s?)
z = height above datum (m)
Ap, = frictional pressure loss (Pa)

Equation 3.4 expresses the various energy terms per unit mass
of fluid, J/kg.

In rotodynamic pump technology it is practical to express
Bernoulli's equation in terms of “head” i.e. metres of liquid col-
umn. [f all terms in Bernoulli's equation are divided through by

2
p'+"+zl p"Jr\i+z”+ﬁ Equ3.5
w 29 w 29
where:
w = specific weight (N/m?)
w = r9
The various terms are then called:
P or P < static head (m)
g w

2
— = velocity head (m)

z = potential head (m)

Ap;

= h, =head loss (m))
w

Since all the terms in equation 3.5 refer to height they are easy
to illustrate graphically. See Figure 3.5.

Total head is sometimes designated by H. The relationship be-
tween pressure and head is p/w = h. The three head terms can
be converted to equivalent pressure terms. Static pressure
plus velocity, or dynamic pressure is called total pressure or
stagnation pressure.
2 2
total pressure =p + A wh+ 2V
2 2
Total and static pressure are measured in different ways and il-
lustrated in Figure 3.6. A pressure tap at right angles to the di-

Equ3.6

horizontal datum

Figure 3.5 Graphic illustration Bernoulli’s equation

Static Pitot tube
pressure tap

Prandtl tube

Figure 3.6 Measuring of static, total and dynamic pressure

rection of flow will sense the static pressure. Ahead of a Pitot
tube the velocity is reduced to zero and the static pressure rises
to stagnation pressure.

As arule, it is easy to measure the static pressure, whereas the
total pressure can easily be affected by measurementerrors. A
Prandtl tube or Pitot-static tube measures both total and static
pressure. The differential pressure, the dynamic pressure,
Py = WV’ /2g is obtained directly.

3.1.4 The momentum equation

The product of mass times flow velocity for a liquid particle is
called its momentum. The momentum equation for steady flow
reads:

Fed
dt
The resultant F of all external forces on a control volume is
equal to the changes in momentum for the outflowing and
inflowing mass per unit time, or,

F=m (\72 - \_/,) Equ3.7
where:
/
m = mass flow dm/dt (ﬁg)
(m/s)
Y = velocity vector

The momentum equationis illustrated in the following example.
The problem is to determine the force required to hold a pipe
bend in position, as illustrated in Figure 3.7.

The control volume is defined by the interior of the pipe bend.

.

Figure 3.7 Pipe bends, arbitrary (left) and 90° bend
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3 Flow of liquids

Then, for the arbitrary bend in the x axis:

—F 4+ A —Pom A —Py-A,- COSP

+ Pamy " Ay-COSB = m (v, -cosp - v,)
or:

Fo = MV, + (P - Pas) A

—[rh-vII +(p, - pamb)-A"]-COSB
Similarly, in the y axis:

F, = [rﬁ vy +(py —pamb)~A,,] -sinp
For a 90° bend g = 90°, therefore:

Ee=m-v + (P —Pams) - A

F, =MV, + (P —Poms) - A

NOTE: Itis a gauge pressure and not the absolute pressure in
the pipe which determines the magnitude of the force.

Also that the forces can be determined without detailed
knowledge of the internal flow process through the
bend. The momentum equation applies regardless of
whether the process has losses or nof.

Equ3.8

It is often the case that the terms m and v are small compared
with the others. For a 90° bend with A, being equal to A,.

F=v2(p—Pams) A Equ3.9
where:

p = pressure in pipe (absolute) (Pa)

Pamv = ambient pressure (absolute) (Pa)

A = pipe cross-sectional area (m?)

F = fixing force (N)

The fixing force has an angle of 135° to the incoming direction
of flow.

3.1.5 The energy equation

The energy equation is an extension of the energy principle
which states that energy cannot be created or destroyed but
can only be converted to other forms. The energy equation for
steady state one-dimensional pump flow is:

Equ3.10

G-
W, = (hu ~‘hl) + Lz—) + g(z" _21) +Qu
The term h, specific enthalpy, is made up from two components;
u, (u = Tcp) internal energy and pv, which represents the me-
chanical energy due to pressure, often called flow work. The
energy equation can be rewritten:

W, = (T - T )+ (929
in ("Cpu ICp|)+(p||Vl| p|V|)+ 2

+9(z ~2) +Q,, Equ3.11
where:
T = temperature (°C)

Cp = specific heat (J/kg/°C)
= pressure (Pa)

= specific volume (m3kg)
velocity (m/s)

= height above datum (m)

@ N O < T
1}

= gravitational acceleration (m/s?)

g

Py,
+—
uz
3 4
Py,
1 Qo o
u1
— ? __®.__ -
c? |
S S— III FE-3-W, | 2,9
Z, g

Figure 3.8 lllustration of the energy equation

Win work input to the shaft (J/kg)
Qo = heat rejected (J/kg)

NOTE: In these equations the velocity is represented by ¢ not
v. Engineers frequently use the same symbol for differ-
ent quantities. The context is important and shouid be
explanatory. All the terms in the energy equation are
calculated per kg of medium flowing. The terms c?/2
and gz respectively represent the kinetic and potential
energy of the medium per kg.

The effect of a pump on the energy equation is shown diagram-
matically in Figure 3.8. The input of mechanical work is through
the rotating shaft, all the variables change and some heat is re-
jected from the pump body. Notice particularly that a tempera-
ture rise has occurred. The change from suction conditions to
discharge conditions usually takes place very quickly within the
pump so the ideal process is isentropic, constant entropy, not
constant temperature. The isentropic temperature rise is small
for water, of the order of 0.4 °C per 100 bar pressure rise at
50°C rising to 2.6°C per 100 bar rise at 250°C.

Pump inefficiencies will generaily appear as increased temper-
ature rise and heat rejection. Noise and vibration will take their
energy as portions of heat rejection. In equations 3.10 and
3.11, g is the only constant, for the location, not universally.
Even ¢, is a variable, from less than 4.0 to over 5.0 for water.

Rotodynamic pump designers take the centre-line of the first
stage impeller eye as the datum for all calculations and param-
eters such as NPSHr. Most positive displacement pump de-
signers take the centre-line of the inlet connection as the da-
tum. A system designer will not know precisely where the
impeller eye or inlet connection will be. He should base all the
system calculations on the foundation ievel where the pump will
be located or the liquid surface level for submerged pumps.

The quality of any calculated result is dependant upon the ac-
curacy of the input data. Pumps always operate in the pressur-
ised liquid region so that saturated liquid data will not be accu-
rate. Steam tables, such as the UK Steam Tables, based on the
1967 IFC Formulation, contain tabulated data for pressurised
water up to 1000 bara. However this data is aimed at the power
generating industry and is tailored to their needs. Inconsisten-
cies exist in the data for low temperatures at pressures close to
atmospheric. This data should be examined carefully before
use and “conditioned” if thought appropriate. Unconditional
use of raw data can result in errors of up to 6% when compared
to results obtained from calculations in Sections 3.2 and 3.4.
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3 Flow of liquids

Computerised steam tables alleviate some of the inconsisten-
cies.

In some cases it will be possible to ignore the effects of changes
in velocity, specific volume and height, betweeninletand outlet,
without loss of accuracy. Pump differential head or pressure is
the important criterion. No assumptions should be made on
pumps which operate at low differentials, below 50m.

3.2 Pipe flow losses

3.2.1 Reynolds Number

Flow losses occur because of the effect of internal friction.
Shear stresses arise as soon as velocity gradients exist.

e Equ3.12
dy
where:
T = shear stress (N/m?)
p = viscosity (Ns/m?)
Y = flow velocity (m/s)
y = thickness of flow stream(m)

The work done by the shear force generates heat and adds to
the internal energy of the liquid. The increase in internal energy
means that the static pressure becomes a little less, hence the
name pressure loss or pressure drop. The level to which the lig-
uid temperature can rise due to friction heating is dependant
upon the heat transfer mechanism to the surroundings.

The flow losses are great wherever the shear stress is great,
i.e. where the velocity gradients are great. High velocity gradi-
ents occur in the boundary layer, at flow around sharp corners,
in strong vortex flows and so on. Viscous flow in pipes is char-
acterised by Reynolds Number.

Re = vd Equ3.13
v
where:
Re = Reynolds Number (dimensionless)
= flow velocity (m/s)
d = pipe diameter (m)
v = kinematic viscosity (m?/s)

The following relationship exists between kinematic viscosity,
v, and dynamic viscosity, u.

v="t Equ3.14
p
where:
p = liquid density (kg/m?®)

In the case of low Reynolds Numbers, Re <2300, the flow is
laminar. The liquid flows in layers with different velocities which
do not mix with each other. At Re > 2300 the flow is turbulent,
that is to say the liquid particles do not flow in a straight line in
the direction of motion of the main flow.

e — =
et —
R : ﬁ e
i o -
- » |
-

Laminar Turbulent
Re<2300

Figure 3.9 Laminar and turbulent flow

Since the velocity gradients differ, the shear stress and flow
losses will also differ between the two cases. The critical value
of Re Number has been stated as Re cr = 2300. it should be
noted however, that the flow may continue to be laminar at con-
siderably higher values of Re if the flow is very well protected
from disturbances and entrance conditions to the section are
the optimum. Low values of Re Number occur at low flow veloc-
ities, in small pipe diameters or at high viscosity. See Figure
3.9.

Liquid Kinematic | Transition to turbulent flow

Viscosity {for the pipe diameters given) Vcr m/s

2
vmts d=0001m| d= d= 4=
0.01'm 01m im

Water, 20°C 1.10°% 23 0.23 0.023 0.0023
SAE 5W 60°C 1.10° 23 2.3 0.23 0.023
Burner oil 230 23 23 0.23
Class E "
(BS 2869: 1-10
1970) 30°C
SAE 50 18°C 1-103 2300 230 1 23 23

Table 3.1 Transition to turbulent flow in pipes

It can be seen from the examples, see Table 3.1, that laminar
flow is less usual in practice for liquids with viscosity similar to
that of water, but is quite common for oils.

3.2.2 Head losses in straight pipes

The foliowing formula applies to head losses for flow in a
straight pipe.

h,:ka-%(m) Equ3.15
where:
A = loss coefficient for straight pipes
(dimensionless)
| = length of pipe (m)
d = pipe diameter (m)
v = Q/A = flow velocity (m/s)

The loss coefficient is dependent upon Reynolds Number and
upon the internai roughness of the pipe. This is shownin Figure
3.10.

Pipe and pipe material Condition of pipe Factor k
Calculation values mm
Steel pipe Seamless, new 0.03 - 0.05
Steel pipe Welded, new 0.03 - 0.10
Steel pipe In use, rusted 0.15 - 0.5
Steel pipe Seamless, galv. 0.1 - 0.16
Steel pipe Welded, galv. 0.1 -02
Steel pipe Heavy asphalt coating 0.5
Mature water mains 1.2 ]
Stainless, acid resist. 0.045
Cast iron pipe Bitumen coated 0.1-03
Main conduit 0.1
Other conduits 02-03
In use, rusted ~‘ 04-20
Copper pipe Diameter <200 mm 0.01
Brass, glass Technically smooth 0.002
Concrete pipe Water main 0.1-0.2
Waste, drains, new 02-05
Waste, drains, old 1.0
Asbestos cement pipe Newly laid 0.05
Earthenware pipe Newly laid drains 0.2
Older drains 1.0
Mature foul sewer 3.0
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Figure 3.10 Loss coefficient for straight pipes

Pipe and pipe material Condition of pipe Factor k

Calculation values mm
PE, PVC Dia. <200> mm 0.01
PE, PVC Dia. 200 mm 0.05
GRP All dimensions 0.1
Wood New 02-1.0

Table 3.2 Examples of approximate roughness in pipes

The roughness of the pipe can be assessed from the values in
Table 3.2.

The loss coefficient can also be calculated from the following
formulae:

Laminar flow Re < 2300
64

A= —— Equ3.16
Re
Turbulent flow Re > 4000
1 251 k/d
— = -2 .o Equ3.17
N g“’[ReI 371) a

Equation 3.17 is sometimes called the Colebrook-White equa-
tion; Colebrook in France and Prandtl-Colebrook in Germany.
In the region Re = 2300 to Re = 4000 laminar and turbulent
flows may alternate in various sections of the pipe. The resul-
tant loss coefficient will then assume values between those ob-
tained in formulae 3.16 and 3.17.

The expression given in equation 3.17 is somewhat inconve-
nient for manual calculation. The following formula, proposed
by Miller, can be used for turbulent flow:

A= 025 Equ3.18

( k_, 574
1900| 37004

]

Other formulae used for the calculation of straight pipe losses in
the turbulent region are the Hazen-Williams and Manning for-
mulae. These, however, do not provide any additional informa-
tion to the equations presented above and have, therefore,
been omitted.

3.2.3 Head losses in fittings
Head losses in bends and valves, etc. can be calculated with

100

ongs to Robert Durham (rdurham@thewaylabs.com)

the help of the formula:

v2

h, =¢- — (m) Equ3.19
29
where:
d = loss coefficient of fitting (dimensionless)
v = flow velocity (m/s)

The magnitude of the head losses are in principle influenced,
as in the case of straight pipe flow, by surface roughness and by
Reynolds Number.

Examples of approximate values of loss coefficients for losses
in fittings are illustrated in Figure 3.11. All values are those for
conditions of normal roughness and at high Reynolds Number,
i.e. at fully developed turbulent flow. In cases where the velocity
changes it must always be the highest velocity which is used for
calculating h; in accordance with equation 3.19. In the case of
varying diameters, the velocity to be applied is the one resulting
from the smallest diameter, and in the case of T-pieces, the ve-
locity related to the total volume flow is applicable.

An alternative method of expressing the magnitude of head
losses in fittings is the use of the concept of equivalent pipe
length, leq, i.e. the equivalent length, (leq) of straight pipe giving
rise to the same losses in pressure as the fitting, at the same
flow velocity. By comparing equations 3.15 and 3.19:

g
lg = K'd Equ3.20
where
¢ = loss coefficient of fitting (dimensionless)
A = loss coefficient for straight pipes
(dimensionless)
It can be seen from equation 3.20 that the equivalent pipe

length is a function of 1, i.e. the surface roughness of a straight
pipe and Reynolds Number. It is therefore difficult to quantify
leq, @s a specific property for, say, a pipe bend and is thus of an
approximate character. For L = 0.02, the equivalent pipe
length of a short radius 90° bend (r = d) is leqg = 20d.

For additional information and data on losses see Section 3.6.
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Figure 3.11 Approximate values for loss coefficients for head losses in fittings
The values for flow meters are stated in Section 3.5

3.2.4 Hydraulic diameter

For the case of flow in a partially filled pipe, in non-cylindrical
ducts or in open channels, the head losses can in principle be
calculated in the same way as described in earlier Sections.
However, instead of using the diameter of the pipe, the hydrau-
lic diameter, dn, must be used in these cases.

L4

d Equ3.21
h P q
where:
dn = hydraulic diameter (m)
A = cross-sectional area flowing (m?)
P = wetted perimeter (m)
For a completely full cylindrical pipe:
2
4 nd
d,=—4 -d
nd

i.e. in this case the hydraulic and
geometric diameters coincide.

For a half-filled cylindrical pipe:

d
2:4
S rg
2
For a half-filled rectangular section:
h
. 405 2pn
T h T hah h
UL
2
With Reynolds Number b
Re = v-dy Equ3.22
v

and relative roughness k/dn, Figure 3.10 and equations 3.16
and 3.18 apply with unchanged numerical values. The value of
Re. will change as the section proportions change and will
have to be evaluated by experiment or computer simulation.

Pipes flowing entirely due to gravitational head can operate
completelyfilled. The degree of fuliness depends, among other
things, on the slope of the pipe and the operating conditions.
For a pipe the fullness is defined by the ratio d'/d where d' is the
depth of liquid in the pipe and d is the diameter of the pipe. Fig-
ure 3.12 illustrates how various flow parameters change with
the degree of fullness of the pipe. Both flow velocity and hy-
draulic diameter have their greatest value at a filling coefficient
of just below 1.

For gravity flow pipes carrying solids and liquids, care must be
taken with regard to sedimentation; the avoidance of which can
place restrictions on the viable configuration and operation of
the pipe.

Settling liquid-solid mixtures must be transported at a velocity
greater than the critical velocity. If the flow velocity is reduced
below the critical velocity sedimentation occurs. Sedimentation
continues until the flow velocity is increased to the critical veloc-
ity. The flow area of the pipe is reduced until the mixture flow ve-
locity is high enough to prevent further sedimentation. The hy-
draulic characteristic of the pipe is modified because the shape
is no longer circular.

The hydraulic diameter of the flow regime can be estimated
from Figure 3.13. The reduced hydraulic diameter can be used
to estimate the friction loss in the partially biocked pipe. This
can only be an estimate. The pipe wall may be smooth and
well-defined. The surface of the sediment may not be smooth
and the roughness may be difficult to approximate. The surface
may also be moving if the particles are small. Figure 3.13 can
also be used for hydraulic diameters for partially-round pipes in
special applications.

! ~ N}
W [T
g 8 y U Yay
> ViV
£ 06 - YaR4
© QIQ . Q = volume flow
S SN
£ < A =
0.4 » A= area
8 A
bl 7 ' id, V = velocity
()] / %/
£ 02 7 / d = geometric diameter
= d, = hydraulic diameter

0 02 04 08 08 1 12

Actual parameter

Figure 3.12 Flow in a partially-filled pipe
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3 Flow of liquids

3.2.5 Total head losses in the pipe system

The system total losses consist of the sum of the straight pipe
head losses, the head losses in fittings and valves etc. and
static losses due to changes in elevation.

h; =h;(straight pipe) + h, ( fittings& valves)+ Az Equ3.23
With the usual symbols, head loss

h, =2 g--zygiﬁlg »i+Az

= (k~g+2§j -£+Az

=[x.c_1j+zgj. n.?; : 21g+Az Equ3.24
)

where:

hs = head ioss (m)

A = loss coefficient for straight pipe

¢ = loss coefficient for fittings, valves etc.

) = sum of all loss coefficients

| = length of pipe (m)

d = diameter of pipe (m)

Q = volume flow (m%s)

v = flow velocity (m/s)

Az = (z,-z)(m)

Another useful method for calculating head losses in fittings
was proposed by William B. Hooper in Chemical Engineering.
See Section 3.6.

The flow losses in both suction and discharge systems must be
evaluated. For variable flow systems a Q-h; curve should be
produced for both systems; the suction system curve should
also show NPSHa/NPIPa:

Net Paositive Suction Head Available

Net Positive Inlet Pressure Available

Both functions are the liquid pressure minus the vapour pres-
sure. It is best for the system designer to use the top of the
pump foundations as the datum level; the pump manufacturer
can easily adjust the data to satisfy the pump configuration.
Centrifugal pumps use the centre of the impeller eye as the da-
tum whereas reciprocating pumps use the centre of the suction
connection.

In long systems, or systems where the flow velocity is high;
these terms are of necessity vague; the possibility of surge or
water-hammer due to transients or fast acting valves must be
considered. Very high peak pressures can be generated and
the system/pump must be either designed to cope or protected
from these effects. Relief valves and bursting discs can be fit-
ted for protection, standard relief valves can be damaged in the
event. Pulsation dampers and air vessels may be fitted to re-
duce the magnitude of the pressure pulses generated. See
Chapter 5 for more information.

Some positive displacement pumps produce uneven flows.
Reciprocating pumps, due to the speed variation of the pistons
or plungers, produce a cyclic flow variation in the suction and
discharge systems. The flow variation in the suction system
produces addition pressure losses which must be considered.
The Hydraulic Institute (USA) and VDMA (Germany) have both
produced data to allow this phenomenon to be evaluated.

In general, it is better to have more NPSHa/NPIPa than less. A

wider range of pump types will be available if there is plenty
NPSHa/NPIPa. Low NPSHa/NPIPa usually means bigger
pumps running slowly.

Conversely high suction pressure can also cause problems; in-
creased thrust, bearing cooling problems and reduced effi-
ciency. The suction pressure should be considered relative to
the discharge pressure. If the discharge pressure is greater
than 16 barg and the suction pressure is greater than 20% of
the discharge, it is advisable to consult manufacturers about
possible problems and cost/size implications.

NOTE: The treatment of pipe flow losses in Section 3.2 applies
to Newtonian liquids of which the commonest is water.
Non-Newtonian liquids require special attention re-
garding the determination of pressure losses. A spe-
cial type of flow loss is caused by control valves in the
pipe system. The control valve pressure losses are
dealt with from a sizing point of view in Chapter 5 and
from the regulation viewpoint in Chapter 6.

3.3 Liquid-solid mixtures

3.3.1 General

Liquid-solid mixtures, solid particles in liquid, behave as
non-Newtonian liquids. There are many parameters which af-
fect the flow characteristics of liquid-solid mixtures. All pump-
ing of solids, i.e. transportation of solid materials in liquid, is
characterised by a certain degree of uncertainty. It is normally
recommended that testing is carried out, with representative
solids, to evaluate critical velocity, head loss and wear charac-
teristic before the design is finalised.

Some of the main aspects of the behaviour of liquid-sofid mix-
tures are set out in the following Sections, along with guideline
values for the estimation of the more important parameters for
certain liquid-solid mixtures.

3.3.2 Homogeneous mixtures

When the solid particles distribute themselves evenly through-
out the cross-section of the pipe, without any concentration gra-
dients, we speak of a homogeneous mixture or suspension. In
practice, homogeneous mixtures are considered to occur when
the particle size is less than about 50um (0.050 mm).

Homogeneous mixtures with sufficiently high particle content
behave as time-independent, plastic, non-Newtonian liquids.
These kinds of liquid to some degree follow Binghams Law, see
Chapter 2, Section 2.4 and also Figure 3.13.

The pressure drop for laminar flow in straight piping measured
in metres head of mixture is:

h, =§EI'(%O+ targ"’) Equ3.25
where:

h¢ = loss of head (m)

= density of liquid-solid mixture (kg/m?)

g = acceleration due to gravity (m/s?)

| = length of pipe (m)

d = diameter of pipe (m)

to = viscous shear stress at boundary (N/m?)

tany = plastic dynamic viscosity (Ns/m?)

v = velocity of flow (m/s)

This is illustrated in Figure 3.14 for a homogeneous liquid- solid
mixture (pp, = 2600 kg/m?, d = 50 mm)

The viscous shear stress at boundary 1o and plastic viscosity,
tany, can be determined with the aid of a viscometer or by mea-
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3 Flow of liquids

Binghamian
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Figure 3.13 Homogenous suspensions with flow characteristics as per
Binghamian and Newtonian behaviour
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Figure 3.14 Examples of loss of head in pipe flow

suring the pressure drop in a testloop. Plastic viscosity, tany, is
also called apparent viscosity in some texts.

The loss of head for turbulent fiow in straight pipe, measured in
metres of mixture is:

I V2

hy =1 —-—
d 2g

Equ3.26

i.e. exactly the same formula as for Newtonian liquids. The loss
coefficient must be determined using the apparent viscosity.

Expressed in metres liquid column, the loss of head for a homo-
geneous liquid-solid mixture is the same as for pure water in
turbulent flow.

The transition from laminar to turbulent flow occurs, as for wa-
ter, at Re = 2300 but with the difference that the apparent vis-
cosity should now be used for Reynolds Number. The velocity
of flow at transition V., for Re = 2300 is:

v, EM[H /1”0—”’;] Equ3.27
r-d 3600 tan“g
where:
Ver = critical velocity of flow at transition (m/s)
tany = plastic viscosity (Ns/m?)
P = density of liquid-solid mixture (kg/m®)
to = shear stress at boundary (N/m?)
d = diameter of pipe (m)

Sedimentation in the pipe is avoided completely if the flow ve-
locity in the pipe is greater than V. Thus V., is of considerable
importance when sizing pump installations for homogeneous
mixtures in pipes. In short or carefully monitored pipes, v <V,
can sometimes be accepted.

There is an optimum solids concentration for the transportation
of solid material by hydraulic methods (see Figure 3.15). If the
concentration is too low, the liquid-solid mixture loses its plastic

Power requirement

for pump+

——
Particle content percentage weight

Figure 3.15 Optimum particle content for homogeneous liquid-solid mixtures
for the transportation of a given quantity of solid material per unit time

characteristic and with it the possibility of making use of the ad-
vantageous “plug” flow. Besides which an unnecessarily large
amount of liquid is pumped per kilogram of solid material if the
liquid is discarded. If the particle content is too high the trans-
portation must be carried out at increased velocity due to in-
creased transitional velocity, V., S0 as to avoid sedimentation.

If, for example, the particle concentration in the liquid-solid mix-
ture in Figure 3.14 were to increase from 60% to 63%, the ve-
locity of flow would have to increase from about 1.7 to 2.2 m/s.
Thereby increasing the transportation capacity by a factor of
1.4, the loss of head by about 1.7 and the pump power con-
sumption, with pipe losses only, by a factor of about 2.3. When
the transportation capacity is constant but using a smaller pipe
diameter the power requirement of the pump increases 1.7
times. The particle contentis thus a critical economic parameter.

3.3.3 Heterogeneous mixtures

Heterogeneous mixtures or suspensions, that is to say lig-
uid-solid mixtures with concentration gradients across the pipe
section, are considered in practice to occur for particle sizes of
more than about 50 pm (0.050 mm). The main difference com-
pared with homogeneous liquid-solid mixtures is that the liquid
and the particles in a heterogeneous mixture retain their iden-
tity. The flow is a two - phase flow. The viscosity of a heteroge-
neous mixture in principle is the same as that for the pure liquid.

The solid particles are conveyed suspended in the liquid if the
particles are small and the velocity high, or by jumps if the parti-
cles are large or the speed low, as shown in Table 3.3..

I

Particle size mm | Normal means of transportation

0.05t00.2 ( suspended
0.20t0 1.5 i combined suspended
A f
>1.50 | jumps

Table 3.3 Normal means of transportation for various particle sizes

For all practical purposes, particle sizes in the order of 0.05 to
0.2 mm are transported suspended in the liquid. Liquid-solid
mixtures with particle sizes down towards the lower limit, 0.05to
0.1 mm, comprise the boundary with the homogeneous mix-
tures. The most effective way of minimizing the risk of sedi-
mentation and blockage of the pipe is to maintain the pipe flow
in the turbulent regime. The pressure losses, expressed as
loss of head in metres mixture, can then be calcuiated in the
same way as for the liquid.

Liquid-solid mixtures of particles with sizes up towards the up-
perlimit, 0.1 to 0.2 mm, are on the boundary with the next group
where the combined means of transportation prevails. The par-
ticle region 0.05 to 0.2 mm is not so well understood as other
size ranges.

Mixtures with particles of 0.2 mm have been the subject of com-
prehensive pressure loss measurements. (See work by
Durand, Condolios et al., see Section 3.6.) Figure 3.16 shows
an example of a loss diagram for a horizontal pipe.
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3 Flow of liquids

Volume %
Solid material

Loss of head h, in mH,0 per 100 metres pipe

1.5 2 3 4 5

Figure 3.16 Example of loss of head in heterogeneous suspension, sand Pp-
2650 kg/im?, d, mean = 0.4 mm, d = 200 mm

The experimental results shown cover the region:

d = pipe diameter - 0 to 600 mm

d, = particle size - 0.2 to 25 mm

Kw = volumetric concentration - 2.5 to 15%

Po = particle density liquid 0 to 5000 kg/m® water

The loss of head expressed in metres of water (m H.0) is
greater than for pure water and exhibits a minimum at the opti-
mum flow velocity vope. The loss of head for liquid-solid mixtures
of d, > 0.2 mm flowing in horizontal pipes can be assessed us-
ing the formula:

hfzx--la-g(wkf) Equ3.28
where:
Ny = loss of head (m H,0)
A = loss coefficient for water
= pipe diameter (m)
v = velocity of flow (m/s)
ks = supplementary loss factor over and above that

of pure water

The supplementary losses above those for pure water can be
assessed from:

.d %
K, =85-K,, 97.(&—1J.kp Equ3.29
v Py
where:
Kw = proportion of solid material by volume
Po = particle density (kg/m?)
oy = liquid density (kg/m®%)
Ko = factor for particle characteristics
The particle factor is assessable from:
K, = S S Equ3.30
3 \py
where:
Vs = sedimentation velocity for a single particle in
still water (m/s)
d, = particle diameter (m)

Some text books use the dimensionless “particle resistance co-

efficient” Cp instead of the particle factor k,. The relationship
between them is given by:

K = Equ3.31

p \/E);

The optimum flow velocity v, i.€. the flow velocity for minimum
loss of head at any given volumetric concentration, can be as-
sessed from equation 3.32.

Y
Vo :3.5-Kv0l°‘333{g-d : (Bﬂ —1J ~kp}

v

Equ3.32

For particles >0.2 mm and density p, = 2650 kg/m?, some text
books give:

Vou =2.9-°K,,""-\fg-d

Another velocity of interest is the “limiting” velocity, below which
the particles are in continuous contact with the bottom of the
pipe. The limiting velocity can be evaluated, at testing, from:

Vim = FIim zg d[& - 1}

v

Equ3.33

Equ3.34

where the factor F;, depends upon the volumetric concentra-
tion and size of particles and is determined experimentally. See
Figure 3.17.

Liquid-solid mixtures with particle contents of different sizes are
dealt with as follows:

e Small particles which form a liquid-solid mixture with the
pure liquid at the velocity used are considered to be a part of
the carrier liquid. The liquid and the small particles (d, less
than perhaps 0.1 mm, certainly less than 0.05 mm) consti-
tute a new liquid with high density and viscosity values.

o The larger particles together with the carrier liquid form a
heterogeneous mixture. Where there is a variation of size
within the group of larger particles, a weighted mean value
is used to determine the particle factor k.

Small particles increase the density of the carrier liquid and re-
duce the ratio of densities of transported particles and carrier
liquid. Because of this both the supplementary losses and the
limiting velocity for minimum loss and sedimentation are re-
duced. Additions of small particles can thus be economically
attractive in the transportation of larger particles.

The sedimentation velocity v, used to caiculate the particle fac-
tor k, should be quantified experimentally. The effect of the
density of the liquid and its viscosity, together with the geometri-
cal shape of the particle all affect the particle factor. The mea-
sured sedimentation velocity for sand in water is illustrated in
Figure 3.18. This is in accordance with Richards for quartz sand
(pp = 2650kg/m®) in water (10°C, v = 1.3 x 10 m?/s) compared

Flim
0.15
yd

1 0.1
08 0.05

] 0.02
0.6 A Kvol
0.4
0.2 4

0 1 2 3

Particle size dp mm

Figure 3.17 Factor F,,, for the determination of the limiting velocity V.
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3 Flow of liquids
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Figure 3.18 Measured sedimentation velocity

with various theoretical expressions

It is extremely difficult to give general guideline values for the
most suitable flow velocity for the hydraulic transportation of
solid materials. The values shown in Table 3.4 are recom-
mended.

7
Solids | Mean velocity mis
. ey Y
waste from ore dressing plant L 15-21
dust from precipitators _L 15-18
fly ash \ 1.8-2.1
e ——— e —— _2Tel
fine sand 24-30
| SR
|| normal sand with fine ! 3.4
e e T ]
[ coarse sand without fine s 37-40
1 shingle, max. 13 mm i 43

Table 3.4 Flow velocity for hydraulic transportation of solid materials

These values are based on pipe diameters between 100 and
200 mm. Note the effect of the pipe diameter on the limiting ve-
locity in equation 3.34.

3.3.3.1 Special note

The formulae presented for the evaluation of properties for lig-
uid-solid mixtures are the result of extensive research.
Research is always being conducted and more accurate ex-
pressions may be available. However all published data is ap-
proximate. The equations are derived by finding the “best fit” to
test results. It is very unlikely that any of the test results would
closely approximate a particular actual operating condition and
there may be no way of evaluating how far the “best fit” equation
is from the closest suitable test results.

In practice, it will be the size distribution/content of the solids
which determines the flow properties. When solids such as
copper/iron ore, coal are crushed, variable quantities and sizes
of fines are also produced. Model tests on representative
crushed samples are essential to confirm calculated resuits.
Wear tests, such as Miller Number, ASTM G75, should also be
undertaken to assess what precautions, if any, are required
against wear.

Discussions with pump manufacturers of several pump types,
should be held as soon as approximate figures are available for
solid sizes and distribution, flows and pressures. The discus-
sions should focus on:

« Efficiency — how efficient will the pump be and how will the
efficiency be affected by changing operating conditions and
wear,

o Wear — which components will wear, predicted life of com-

ponents and accessibility for maintenance,

e Adjustment — how can the pump be adjusted, at site, to
optimize efficiency and component life for changing operat-
ing conditions. Multi-stage centrifugal pumps can be
de-staged or have impelier diameters modified; reciprocat-
ing pumps can have different diameter pistons or plungers
fitted,

¢ NPSHr— some pumps require a lot of NPSHa and this can
radically effect the design of suction systems.

3.3.4 Paper pulp
3.3.4.1 General

The behaviour of pulp suspensions when fiowing through a
pipe is unusual from several aspects. The loss of head for
chemical pulps goes through a maximum and a minimum value
when the flow velocity increases from zero, and the head loss is
finally less than the value for pure water.

Referring to Figure 3.19, for velocities up to point D, after the in-
tersection of the two curves, the suspension flows like a plug
surrounded by a thin boundary layer in which the whole of the
viscous flow occurs. The character of the boundary layer varies
according to the position of the working point on the curve:

e AtoB The surface of the plug is disturbed by in-
termittent contact with the pipe wall.

e BtoC The boundary layer consists mainly of pure
water in laminar flow.

e CtoE The flow in the boundary layer is turbulent.

Plug flow can be regarded as ended when the stress at the
edge of the plug is equal to the ultimate shear stress of the net-
work of fibres which form the plug. When the velocity increases
beyond this point the plug breaks up and finally the whole cross
section flows turbulently.

The friction loss curves for mechanical pulps do not usually
have any maximum or minimum. The flow characteristics are
modified by the relatively low strength of the network and the
high proportion of non-fibrous solid material.

3.3.4.2 Calculation of pipe flow losses

Pipe flow losses can be determined with the help of a number of
diagrams shown in Figures 3.20 and 3.21.

The non-dimensional flow parameter S is defined as:

5 2 %
S= (V_Ea_h -d] Equ3.35
T
and similarly the non-dimensional loss parameter F:
Fr9ohd Equ3.36
4.1,
log h,
/
/
/,E
/
/

‘z /

g c/

2 /

A /<
Water
/
/
log v

Flow velocity

Figure 3.19 Loss of head for chemical pulps
Courtesy of ABS Group
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The shear stress 1p is @ measure of the strength of the plug of 17
plaited fibres which occurs at most flow velocities in practical | ' / .
operations. e 3 T ’ i i
w | | N 13
LR AN 5 Equ3.37 § ! ‘ | * / ]
where: g ‘W:—“'T‘I{ — T :
d. 1111 = | = | 11
hy = loss of head (m) 2 I T l/ I H
I = pipe length (m) 3 S0 / (M TH
E HH—T—T—T -
v = flow-velocity (m/s) 8 - 1l | ___l
k = surface roughness of pipe (m) s | w /i _ jd
. . % a 20— T T =
d = pipe diameter (m) ec E | / | l_L
. . 2% | y E
p = density of suspension (kg/m?) s2 F I / | .
M = dynamic viscosity (Ns/m?) :Eé '°-_ " ] 3_17! — 4+ + _
T = shear stress (N/m?) zn 2 T ]/__,_ T
" Q -
Fx = length/diameter ratio of fibre 0 8 =1 / ) i 3
If the pulp never dries out, f; = 1. If it has dried out and is ab- E 5 i { L L[]
sorbed again, fp = 0.75. 5% // |
The diagrams, especially Figure 3.20, apply to chemical pulps. & ; 2E 1 =
The different characteristics of mechanical pulps shown in Fig- 8% E e ! =
ure 3.21 (fibres, networks, etc.) give the loss curve a different 83 F ‘ ‘ 3
shape and generally increased losses. Correction factors >0 10“ - e 3 = :
should therefore be used. Approximate values can be ob- ) Concentration DS %
tained, however, using the above method provided that: T ]
¢ the loss parameter F never assumes a value lower than the 1.0
maximum point in Figure 3.20 for the section of the curve S
>0.6.
[ Fk =1

¢ a safety factor of 1.2 should be used.

The guideline values for head losses in bends and fittings are
given in Section 3.4.4 in the form of equivalent pipe lengths.

o
@

Factor fg

Itis typical of pulp suspensions, as for all plastic non-Newtonian
liquids, that a certain yield shear stress (stiction) has to be over-
come before a flow can be made to start up at all. This stiction

can be reduced considerably by dilution. | ‘
3.3.4.3 Calculation example 1.3 _ | >l
A chemical pulp, 281 m3/h, has to be pumped through a 70 m | /
long stainless steel pipe diameter 300 mm. The pulp has never 12 ‘| T . ]
been dried and has a fineness grading 600 C.s.f., the tempera- i o
ture is 30°C and the concentration 2.7% absolutely dry. The av- & * /
erage fibre length is 2.4 mm and mean diameter 40 um. Deter- 5 1.0 ==
mine the loss of head through the pipe. g
- 10°¢ 10% 10* 1't|rJ
105 = I :ll T 11 ] i _I_ 3_,_: : 1 Relative surface roughness kc
== I{ EHEE A
—— -h{-T - 4 L L L} A I t+
5 | 4 | (- : . . l
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w S W N S— — S _____' gggﬁm b _1_._ B
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< B e L 411
E E | , ——
E S 1 + / ]
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o 1 0 0 T S . pasy > A / .~+
0 — —— C bk T = +—+ 44
83 F TH—t = ] t T I
e e e e maaan 1
5 1 "':?,‘ = . . T S S | : ™t |
SEFa8 II il Y S N O 1 Y | — , + = 1
I ! 1 = I EL 5 I ]
I | 1 g c sl
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0.05 02 0.5 2 5 10 30 so eo m sn
Flow parameter S Deg of grain fir
Figure 3.20 Pipe flow characteristics of chemical pulp Figure 3.21 Properties of chemical pulps
Courtesy of ABS Group Courtesy of ABS Group
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3 Flow of liquids

Fibre ratio Fx = 2.4/0.040 = 60 —f: = 0.89

Stainless steel pipe k/d = 0.045/300 = 1.5 x 104 »fg = 1.1
Fineness grading 600 Csf — fy, = 0.98

Undried chemical pulp — fp = 1

DS content 2.7 % — t'p = 27 N/m?

where:

DS = proportion by weight of fibre
(absolutely dry) (%)

Shear stress 1p_, 27 - 0.89 - 1.11-0.98 - 1 = 26.1 N/m?2
Water at 30°C —» p=0.8 - 103 Ns/m?, p ~ 1000 kg/m?

Flow velocity
= QZ: 281-4 > =1.1m/s
n-d° 3600-x- 0.3
4
The flow parameter
5 2 10 -3
_ 11 10030 0.8-10 ~079
26.1 -0.300
Read off loss parameter F = 1.05 (Figure 3.20)
hf:4'TD'|~ _ 4.-26 .1.70 105
p-g-d 100-9.81.0.3
h, =2.4m

3.4 Pressure losses - nomograms
and diagrams

3.4.1 General

Pre-computed pressure losses in pipes for a number of com-
monly applied cases of flow are set out in this section in the form
of diagrams. These diagrams and nomograms can be used to
calculate the losses in a system, i.e. flow losses in the pipes,
valves, bends, etc. This method is quick and provides accept-
able results if carried out accurately.

A number of diagrams for the determination of the associated
values of velocity, frictional losses, diameter and volume flow
are presented. There are aiso diagrams for determining the
flow velocity in pipes in relation to the volume flow, mass flow
and diameter together with diagrams for the determination of
head loss (m) in bends fittings etc., related to the velocity of
flow.

It is most practical when sizing pipes to be able, right from the
outset, to assess the approximate economic flow velocity. By
this means, the final economic sizing can be carried out rapidly,
since fewer alternatives have to be tested. Tabie 3.5 gives
guidelines for normal flow velocities in some common cases.

Liquid application ‘L’ Flow veiocity m/s
Dirty water | ]
Mine water lines z 1.75t025
Hot water
Condensate o 10t015
District heating distribution 1.0t0 2.5
District heating service main 0.75t0 2.0
Domestic heating circulation 03t006
Feed water lines 121043
Crude oil
Gil pipelines 025t01.8
Fuel oil
Truck loading 5to 6

Liquid application Flow velocity m/s
Lube oil
Drain line (1) 0.15t00.75
Feed lines 1.0t023
Pump discharge line 06t01.8
Pump suction line (2) 0.45t0 1.5
| Pump suction fine (3) 03t01.0
Petrol
Pump discharge 10014
Pump suction 0.45t00.75
Refrigerant
Condenser to receiver <1.0
Receiver to system (4) <15
Sewage
Pump discharge, centrif 224
Pump suction, centrif 215
Warm water
Economiser tubes 0.75t0 1.5
Water
Pump discharge, centrif 8t015
Pump discharge, recip 3.0t0o45
Concrete suction bays <03
Pump suction headers <10
Pump suction, centrif 045t0 1.5
Pump suction, recip <0.6
Consumer supply 10t0 1.4
Service mains 06to 1.5
Trunk main 1.0t03.0

(1) 1:50 fall minimum, half full, (2) flooded suction, (3) suction lift,
(4) 0.115 bar / 25m maximum

Table 3.5 Guideline flow velocities for general applications

High flow velocities give small pipe dimensions giving low plant
procurement costs; but cause greater pump power consump-
tion through greater frictional losses resulting in high running
costs.

Quite apart from economics, other factors can affect the choice
of flow velocity:

» Noise in central heating equipment

o Erosion in copper hot water pipes

» Static electricity for liquids with low flash points

* Risk of cavitation in suction lines

+ Risk of cavitation with sudden changes in velocity

* Sedimentation with liquid-solid mixtures,
i.e. critical velocity

* Vibration of pipework
e Surge and pressure pulsation problems

If the NPSHa/NPIPa margin is small special attention should be
given to pump suction systems. The best systems are short,
straight and one pipe size larger, atleast, than the pump suction
connection. Any bends should be more than five pipe diame-
ters from the pump connection. If the NPSH/NPIP margin is
small itis critically important to evaluate all system losses for all
flow rates. If the suction system causes pump cavitation, oper-
ational problems will reduce the maintenance interval. Typical
problems include:

» Loss of pump capacity

+ High rotating/reciprocating parts wear
¢ Sealing problems

o Fatigue failures
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o Discharge pipework noise and vibration
¢ Pipe connection leaks

It should be remembered that thermodynamicdata is for a pure
substance with no contaminants. Fresh water will contain dis-
solved gases. Gases will evolve from solution at a much higher
pressure than the vapour pressure of the water,; typically at 8m
absolute when cold. Gas evolution causes the same problems,
and looks exactly the same, as cavitation. For liquids with dis-
solved gases, the NPSHa/NPIPa margin must be based on the
gas evolution pressure, not liquid vapour pressure. A pump
cannot distinguish between released gas and saturated
vapour, the effects and the damage are the same.

Thermodynamic data must be comprehensive if used for pump
applications. Data on compressed liquid state must be avail-
able as well as saturation line data.

The higher velocities listed in Table 3.5 demand better
pipework designs and high quality manufacture and assembly.
Poorly fitted slip-on flanges, badly aligned, will cause extra tur-
bulence and losses. Bent pipe is preferable to fabricated
bends. In most cases, a large radius should be used in place of
a short one. The minimum of weld neck flanges, or connectors
which use locating seal rings, such as Grayloc’s, will preserve
good flow patterns.

Losses in bends and valves etc. can be expressed as equiva-
lent straight pipe iengths by using the values in Table 3.6. The
values for valves are mean values and vary according to the de-
sign. By adding the equivalent length of pipe and the straight
length, the total pipe length is obtained enabling the flow losses,
expressed as head (m), to be calculated from the diagrams.

As pointed out in Section 3.2.3, the equivalent pipe length de-
pends upon the straight pipe loss coefficient A, i.e. pipe rough-
ness, Reynolds Number etc. The numerical values in Table
3.8, therefore must be regarded as approximate guideline val-
ues.

—[ Equivalent pipe length
Obstacle type
d=10-50 mm d =80 - 400 mm
Gate valve 15-10xd 10-5xd
Check valve (with flap) T 200-150x d 150 - 100 x d
Angle valve (seating) 400-200xd 150-100xd
Stop valve (straight seating) 1000 - 500 xd 500-400 xd
Pipe bend 45° 10xd 10xd
Pipe bend 90° 30-20xd 15-10Xd-l
Tank outflow (rounded) 10-5xd 10-5xd
Tank outflow (sharp edged) 40 - 30x d 40-30xd
T-branch through side outflow 50-40xd 40 xd

Table 3.6 Conversion factors for equivalent pipe lengths

Alternatively, losses in bends, valves etc., can be separately
calculated by converting the values for ¢ obtained from Figure
3.11 into metres head (column of liquid) at specific flow veloci-
ties with the help of the diagrams. Note that the stated value of
¢ is for turbulent flow. In the case of laminar flow conversion to
equivalent pipe length is the most convenient way to calculate
these losses. Figure 3.22 shows the flow velocity in pipes for
volume flow (m3h and I/min), and pipe diameter (m). Figure 3.23
shows the losses of head in bends and fittings

The applicability of the diagrams is wider than indicated. Fig-
ures 3.24 to 3.41 give frictional loss diagrams for calculating
pressure losses in a wide range of pipelines. The diagrams for
water can be used for all water-like Newtonian liquids, i.e. for
liquids with corresponding viscosity. Note, however, that if the
pressure loss is stated in Pa (Pascal) the density must also co-
incide with that of water.

The diagrams for oils can be used for all Newtonian liquids with

Figure 3.22 Flow veiocity in pipes in for volume flow and diameter. (Interpolate
between the lines for other diameters)
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Figure 3.23 Relation between loss coefficient and loss of head in bends and
fittings
higher viscosities than water, under the same conditions.
3.4.1.1 Calculation example

Calculate the total loss of head in 3 x 90° short radius pipe
bends in a 100 mm diameter pipe for a water flow of 700 /m.

From Figure 3.22, velocity of flow = 1.5 m/s
From Figure 3.11,£=3 x 04=1.2
From Figure 3.23, loss of head = 0.14 m

3.4.2 Water

The diagrams also apply to other Newtonian liquids having sim-
ilar viscosity to that of water when the pressure loss is ex-
pressed as head (metres of liquid column).

3.4.2.1 Calculation example

Aflow of 10 I/s is required through a 120 mm diameter pipe, 200
m long. Calculate the flow velocity and the loss of head. From
the diagram, the velocity is 0.9 m/s and loss of head 200 x
7/1000=1.4m
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3 Flow of liquids

3.4.3 Oil

The diagrams apply equally for other Newtonian liquids at the

stated viscosity.

U/, W
uniy)
MOL} 1OA

W
/|
MO 1OA

o o Ll L] €c T N R o wo
00 G4 G0 BT ~N = “© L
T TTTTT T T
Wi LU s
! 1 o b4
] IRER AR it BRI S B!

HERRITEI N i FIR R IR
4 | i ““”_
fidauiadme it ERARY
e b Aty | .___"_. ...L\\\\
et A2
SIEREIL RN IR 4V, (AR
B : TR “mw !
BRI v HHHE LA A4 |
bbrs bhtd IR LIRS & + '
:"w it ﬂ.ﬂx \\_\L_\_\"\“
77

bl T / 5> 0 =
_. L | H ‘1..: \.\_
T [T 4172 gl
b I_m . il i
Yot b1 \\H\ \.S i

' ' | §0 = 8 I
G A AT

" * we
L) o
L {
Fiocs :
e \
.- '
2 i
'
.
4
M =
] ]
+4—+ P
I
.o IR R
4+
RN 11
85 ES "
. o I
il
"
EREUR S o £ S o
E—— . B0
B .
. e M
KRS & o0t
. '
- '
H B0a

Wi g Jsjawen |euseiu)

uibua) adid w pO| /W SSO| pEAK

0.03 mm, steel pipe

Figure 3.30 Frictional loss diagrams for oil at various viscosities, k
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Figure 3.36 Frictional loss diagrams for oil at various viscosities, k = 0.03 mm, steel pipe
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3 Flow of liquids

3.4.4 Paper pulp L
The diagrams in Figures 3.38 and 3.39 apply for paper pulp of : =\ =3 1%
normal quality in stainless steel pipe: 8 45° _ e
Surface roughness of pipe 0.045 mm 4 < ~ //
: . Ny 2%
U.ndrled Pulp. 6l2d [:/j q / P
Fibre ratio 75 I P
Fineness grade 750 C.s.f. ' / 3%
Temperature 40°C 4 / / //
. . . . W ] |
The diagrammatic values are computed in accordance with the / / "
method set out in Section 3.3.4. If the actual pulp differs from 2 > 5% —|
normal pulp, the frictional losses may be assessed using the ] ]
formula: 0
hy=f.- fy-fo-hy Equ3.38 0 1 2 m/s
hay = loss of head for normal pulp (m) L
f = factors in accordance with Section 3.3.4. ¢ - ‘%‘
Itis not possible, on the other hand, to make corrections for the 16 —
roughness of the pipe in this way. C 4 =+ - B
The guideline values for losses in bends and fittings, are ex- 12 j —_d s 2% ]
pressed by means of an equivalent pipe length - i.e. the extra - T_ I / - .
i ) : ) : . »
ength of straight pipe which would result in a corresponding B / P / 3%
pressure loss. 8- / / /,
log=Le-d Equ3.39 P v
ly = equivalent length of pi af L %
eq = equivalent length of pipe (m) N // = /////_5,,h
Le = factor in accordance with Figure 3.38 L _
i
d = diameter of pipe (m) 0 0 1 2 mls
Since the equivalent pipe length is related to straight pipe flow Flow velocity
in principle, itis only valid for normal pulp and cannot be applied
to other liquids in other pipes. L,
3.5 Flow measurement 8
3.5.1 General
3.5.1.1 Measurement requirements 6 =
T
The purpose of flow measurement may be: A
F erformance monitorin 4 ] 2%
[ ]
or pump p a lo! g / g
For pump control 7
¢ For leakage detection — 59,
¢ To obtain sizing data 0
¢ To obtain costing data 0 1 2 mis
¢ To obtain productivity data L
-
The measuring installation may be: ‘[
—— = 1%
e Permanent 20k é L =2 //
¢ Temporary
The measurement requirements during testing may be: 16— & 2%
o Continuous I // 7
Periodic 12 3%-1
) , i /1 Pt
¢ Intermittent - / / /
Measurement data may be needed: 8 / r oo
= ) // _‘
o Currentl
nd af i i 5%
o Continuously N s / ‘/ ——— i
e Cumulatively [ i
0
3.5.1.2 Methods of measurement 0 1 2 mls
When choosing a suitable method of measurement, account Flow velocity
must first be taken of the category of hquld which s to be mea- Figure 3.38 Factor for calculating equivalent pipe lengths for normal pulp in
sured: stainless steel pipe
¢ pure liquid compounds free of contamination, Courtesy of ABSGroup

LIBERTY EXHIBIT 1014, Page 146
116 PUMPING MANUAL International
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\HIL mM00m

« contaminated liquids with a content of dissolved or undis-
solved; liquids, solids or gases,

¢ liquids having special characteristics, such as high viscos-
ity, hot, reactive, corrosive, explosive or toxic.

B aa

Pure liquid compounds with no solid particle content or gas
bubbles can be measured using most measurement equip-
ment commercially available. The exceptions are extremely
pure liquids with measuring processes which make use of con-
taminants normally occurring in liquids. For example, distilled
water flow cannot be measured with laser or electromagnetic
flow meters.

When measuring liquids contaminated with solid particles,
equipment with narrow passages and sludge trapping cavities
are unsuitable. When measuring liquids with special character-
istics the equipment must be selected to obtain compatible per-
formance and material combinations having due regard to the
particular properties of the liquid. Laser, electromagnetic, ultra-
sonic and turbine devices are more suitable than others, for
hazardous liquids, because of the absence of external pipe
connections.

Pressure loss m H,0/100 m pipe length

3.5.1.3 Measuring range
HIL mM00m

35335 E S e = MR EE L B25siii = s Instruments should be selected so that the main area of opera-
: P FERHI— : tion falls within 20% to 60% of their full-scale range.

Too large a scale may mean that a large part of the measure-
ment occurs below 20% capacity, with resultant errors in mea-
surement.

Too small a scale may cause the capacity of the meter to be ex-
ceeded, which will also give incorrect readings. In order to
avoid measuring in unsuitable ranges, the measuring equip-
ment in some cases may be fitted with several scales in order to
minimize measurement errors.

Pressure loss m H,0/100 m pipe length

R M s e b 3.5.1.4 Accuracy of measurement

21 DU = === =2 7 E RN 1111 B g Accuracy is usually stated in percentage error of full scale and
e 5 T + T TTITIT applies in ideal conditions as regards installation of the equip-

1T {1 ‘_H;L e JEEENEN ment according to the manufacturers instructions.
ES=: S=SSE 1 SHEE R i 250 [t can be seen from Figure 3.40 that in the region below 10% of
S3s2i :E,::.:. H—H A HHH h = mm _ maximum value, the measurement accuracy is obviously poor.
w60 100 00 00 8 Flow m¥hr Within the normal measurement range, the errors extend from +
. e To  Eomi 8 to 25% of the actual measurement value, despite the claim
Flow velocity m/s that the meter has a measurement error within + 5% at full-scale

deflection. The absolute error is assumed to be + 5% of maxi-
mum value within the complete measuring range.

3.5.1.5 Straight pipe length

Most flow meters require a well developed velocity profile
ahead of the measuring instrument. Requirements are often
placed on the minimum length of straight pipe in order to main-
tain the guaranteed accuracy. The necessary straight pipe
lengths, in many cases, may be difficult or expensive to ar-
range. However, pump manufacturers will not be pleased if the

HIL mM00m

g0 4 Normal measuring

range

Pressure loss m H,0/100 m pipe length

IHEERRNT -
Wi ! &, 304
I . . o i o anr g a 20 Measurement error within
1 : e e : 350 g normal measuring range
=4
e Sisasai aoasi: mm | (
[. 1 11 T 1 !
9 % o - fhnd 000 Flow m’hr \ r

0.2 0.3 0.5 Y 12 Y Y 50 i 0 20 40 60 80 100
Flow velocity mis Flow % of maximum

Figure 3.39 Frictional loss diagrams, normai pulp in stainless steel pipe ‘gure 3.40 Relative measurement error with actual flow
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3 Flow of liquids

Figure 3.41 Electromagnetic flow meter principle
Courtesy of Liquid Controls

quality of their products are impugned by poorly installed flow
meters. Different measuring instruments give rise to consider-
ably varying flow losses in the installation. Loss of head associ-
ated with flow measurement can be responsible for undesirable
additions to the pump energy requirement and power con-
sumption.

3.5.2 Flow meters for pipes

This Section outlines the function and use of a number of varied
flow meters. The typical properties and characteristics of these
in pipes are summarised in Table 3.7; the characteristics
quoted, varying of course in the case of special types.

3.5.2.1 Electromagnetic flow meters

Electromagnetic flow meters consist of a sensor and an inte-
grally mounted or remote mounted converter. Figure 3.41 illus-
trates the principle and Figure 3.42 shows a typical exterior
view. It consists of a lined flow tube, two electromagnetic coils
(M), and two diametrically opposed electrodes (E1 & E2). Fara-
day's Law of Electromagnetic Induction is the basis for mag-
netic flow measurement. The law states that when a magnetic
field is created at right angles to the flow tube through which a
conductive liquid is flowing, the voitage induced in the elec-
trodes (immersed in the fluid) is proportional to the velocity of

Figure 3.43 Typical electromagnetic flow meter
Courtesy of Liquid Controls

the liquid. This induced voltage is converted to a scaled digital
pulse output and, optionally, to an analog output. The analogue
output signal is a linear output directly proportional to rate of
flow.

As the output signal is directly proportional to the flow there is
no need for linearisation. This means that it can be switched
simply between different display scales. It can even be ar-
ranged so that it switches automatically to a more sensitive
scale as soon as the flow drops below a certain limit, for exam-
ple, 20% of full scale. The electromagnetic flow meter does not
recognize the direction of flow through the meter head. This
can cause problems if, for example, the meter is fitted to a
pump line from a pump station which uses reverse flushing with
product to clean out the pump. The reverse flush quantity will
then have been measured three times.

The process liquid must be conductive to some extent; liquids
as low as 0.008 uS/cm have been measured successfully. Be-

cause the device is electrical, certification is advisable for haz-
ardous area.

Method Liquid Measure- Error Stral_ght pipe Head loss Comments
ment range requirements
Electromagnetic (W) <40:1 + 0.25% possible 50 very low liquid must have electrical conductivity
Positive displacement (2) <100:1 + 0.15% possible short moderate various types; vane, love, rotary piston, screw
Orifice plate 3) 4:1 2% of reading 25D large easily manufactured those to ISO R541 need no calibration
Nozzle (3) 6:1 2% of reading 25D large those to ISC R781 need no calibration
Venturi meter 3) 8:1 2% of reading 25D small
+ 0.5% after insitu calibration
Multiple Pitot tube 4) 10:1 y i 8D to 30D small
+ 1.1% uncalibrated
Axial turbine (4) 20:1 0.25% FSD or 1% of reading 25D small
T
Pelton Wheel 4) < 200:1 +0.5% short small 0.01 I/m to 1200 m*h
Ultrasonic Doppler (5) 50:1 2% 20D very small
Ultrasonic timing clean 10:1 10.5% 20D very small
1.56% FSD or
Swirl clean 10:1 N 15D moderate
2.5% of reading
Vortex sheddi (6) 151 +0.65% digtal 15D moderate
ortex sheddin, :
9 +1.35% analogue
Variable orifice (7) 10:1 1.5% FSD short moderate
Calorimetric clean 100:1 5% short moderate low flows

FSD = Full scale deflection

(1) Liquid can contain solid particles and gas bubbles

(2) Clean liguid is best, solids cause wear, some viscosity desirable for lubri-
cation and to reduce slip

(3) Solids damage orifice and reduce accuracy, clean liquid preferred, range

Table 3.7 Typical properties of flow meters in pipes

118

ongs to Robert Durham (rdurham@thewaylabs.com)

limited by Reynolds Number

(4) Clean liquid, range limited by Reynolds Number

(5) Liguid must contain impurities

(6) Slightly contaminated possible, limited by Reynolds Number
(7) Clean liquids, high viscosity possible
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3 Flow of liquids

Figure 3.43 Typical positive displacement flow meter
Courtesy of Liquid controls

3.5.2.2 Positive displacement (PD) flow meters

Most positive displacement pumps, when driven as a “motor”,
i.e. with reversed direction of flow, work like turbines. There are
as many positive types of mechanical flow meter, as there are
positive displacement pumps, adapted to various liquid charac-
teristics and capacities. A typical example is shown in Figure
3.43. This PD meter is used for refined fuels applications.

Some types, such as rotary piston flow meters, rely on the pro-
cess liquid viscosity for lubrication and sealing, minimum vis-
cosity of the order of 20 cP. Other positive displacement flow
meters can cope with low viscosity non- lubricating liquids, like
petrol, and very viscous liquids, over 300000 cP. Flow rates as
low as 0.002 I/m can be measured and working pressures over
500 bar can be accommodated. Larger meters can measure
flows of 3700 I/m at pressures up to 100 bar. PD flow meters
can be completely mechanical, with no external power source
required, and are eminently suitable for remote or hazardous
installations.

3.5.2.3 Orifice plates and nozzles

Measuring flanges and orifices are dimensioned in accordance
with ISO R541. In addition, the ISO Standard provides informa-
tion about installation requirements and the calculation process
for conversion of the pressure differential into flow. The guar-
anteed degree of accuracy is also specified. See Figure 3.44.

The range of measurement is limited at the lower end by in-
creasing measurement errors at low Reynolds Numbers and at
the top end by sharply rising head losses. Orifice plates and
nozzles are simple devices with no moving parts. Problems
can arise with the small bore instrument pipework connecting
the manometer.

Normal straight pipe lengths are of the order of 20 x pipe diam-
eter upstream of the orifice or nozzle and 10 x pipe diameter
downstream.

As can be seen from Figure 3.45, the nozzle has lower pressure
losses than the orifice plate. From this point of view, the best
differential pressure flow meter is the venturi meter.

Figure 3.44 Orifice plate and nozzle. The flow is proportional to the square
root of the pressure differential

Diameter Loss coefficient {
ratio d/D Orifice Nozzle Venturi
0.4 - 85 30 6
o 0.5 30 10 2
0.6 12 3 1
0.7 5 1 0.5
I —
0.8 2 0.5 i 0.2
a
<
82
=1
T e
plg 08
alE
ale Orifice plate
e
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2 064
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Figure 3.45 The pressure drop for a differential pressure flow meter expressed
as a proportion of the instrument reading and as a loss coefficient.

3.5.2.4 Venturi meters

Venturi meters are available in long and short versions, see Fig-
ure 3.46. The lowest flow losses occur with the long version.
Venturi meters are covered in ISO 5167-1 as regards dimen-
sions, installation, calculation procedure and degree of accu-
racy.

3.5.2.5 Turbine meters

Aturbine meter consists essentially of a turbine impeller driven
by the flow of liquid, see Figure 3.47. Either the number of revo-
lutions is measured, as for summation measurements, or the
rpm (pulses per unit time) in volume flow measurements. Tur-
bine meters are available in both axial flow and Pelton Wheel
versions. Axial flow meters can be very large whereas Pelton
Wheel meters are particularly suitable for very small flows with
high accuracy.

Axial flow turbine meters can have aerofoil profile blades and
specially shaped stators to obtain very high degrees of accu-
racy and are often used for calibration purposes. Simpler axial
turbine meters, the so-called Woltmann meter, are not shaped
for highest accuracy, however, but for general sensitivity.

3.5.2.6 Ultrasonic meters

Flow measurement using ultrasonic sound waves can be per-
formed in two different ways and require different liquid charac-

—

P
° QAL

Figure 3.46 Venturi meter, long version

Figure 3.47 Simple turbine meter
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3 Flow of liquids

Receiver

Receiver

Transmitter Transmitter

Figure 3.48 Flow measurement, ultrasonic

teristics to work correctly.

The first method requires the liquid to have some impurities,
like solids or gas bubbles, to refiect the sound waves. The in-
jected ultrasonic signal is reflected and scattered by impurities.
The receiver detects the returning signals and uses Doppler
techniques to convert the frequency shift into liquid velocity.
The frequency shift is directly proportional to flow.

Pure clean liquids can be measured by a different method. Two
transmitters inject sound waves, one in the direction of flow, and
the other against the direction of flow. The difference in transit
time between transmitter and receiver for these two signals is a
measure of the velocity of flow and therefore of the flow itself.
The difference in transit time can be converted to frequency,
this being directly proportional to the flow. The frequency differ-
ence is independent of the speed of sound in the liquid. The
principle is illustrated diagrammatically in Figure 3.48.

3.5.2.7 Swirl flow meters

A set of fixed vanes impart a tangential component of velocity,
rotational component, at the same time as creating a second-
ary flow. The rotating secondary flow gives rise to pressure pul-
sations which are detected by a fixed sensor in the smallest
section. The number of pulsations per unit time is a measure of
the flow. This meter, whichis shownin Figure 3.49, contains no
moving parts.

3.5.2.8 Vortex shedding flow meters

When liquids flow round specially shaped bodies, there is a pe-
riodic release of vortices trailing behind the bodies. Since the
boundary layer release changes from one side of the body to
the other, the pressure distribution also changes around the
body. The number of changes per unit time is proportional to
the flow. This type of flow meter can contain no moving parts
depending upon how the vortices are counted. It is shown dia-
grammatically in Figure 3.50.

The vortices can be counted by a thermistor detecting the cool-
ing or heating effect changes caused by the different flow pat-
terns. As the vortices are shed alternately from each side the

|
]
— |3

Figure 3.49 Swirl flow meter

L

1 Eddy
[~ generator

| [

Figure 3.50 Vortex shedding flow meter

Figure 3.51 Variable orifice flow meter

pressure differential across the body changes direction. The
direction of the pressure gradient can be detected by a moving
sphere or disc. The vortices can be counted by a thin vane,
downstream of the body, deflecting from side to side. Lastly, the
vortices can be counted by ultrasonic sound waves.

3.5.2.9 Variable orifice or aperture flow meters

With this type, a spring loaded restriction, shaped like a poppet
valve and mounted in a fixed orifice, moves to adjust the flow
area in response to the liquid velocity. The flow can be read di-
rectly from the position of the restriction. Variable aperture flow
meters are available in various sizes, and flows over 1400 m3h
can be accommodated. See Figure 3.51.

3.5.2.10 Calorimetric flow meters

Calorimetric flow meters work on the principle of applying a
known quantity of heat to the flowing liquid and measuring the
consequential temperature rise. This technique is most useful
in small flow rates, up to 10 /min.

3.5.3 Flow meters for open channels

Useful data for the various methods described in this Section is
given in Table 3.9.

Method of Range of Degree of
measuremen Liquid measurement accuracy Remarks
t
A Several shapes
Fiume C;ii?;:ﬂ::ta:;y 10:1 5% of max. available. Low
head loss
Several shapes
N available.
Weir Notch C;:?at;i:gsgy 10:1 2% of max. Moderate loss of
head. Risk of
sludging
Vane Clean High ~ 20:1 0.5% of max.

Table 3.9 Typical data for open channel flow meters
3.5.3.1 Measurement flumes

Measurement flumes are based on the idea that when the flow
of water is so constrained a specific relationship will exist be-
tween flow and water level upstream of the flume, or, in some
designs, between flow and difference in water level along the
length of the flume. Flow measurement is thus converted to a
level measurement.

The most common forms of measurement flume are the
Parshall flume (see Figure 3.52) and the Palmer-Bowlus flume.
The relationship, water level to flow, is determined empirically
and therefore each flume has to be an exact copy of the master
flume from which the calibration curve is derived. The degree
of accuracy is stated in various sources as being in the order of
+3% to +5% for precision made flumes and measurement de-
vices.

3.5.3.2 Weirs and notches

These are illustrated diagrammatically in Figure 3.53. Weirs
consist of a wall, of various proportions, covering the full width
of the channel. Theoretical expressions can be derived, from
Bernoulli's equation, for the relationship between the head
above the weir to the flow rate. Theoretical expressions have
proved very inaccurate and calibration of the finished installa-
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Section view | - - -

Plan view —

Figure 3.52 Parshall flume

Figure 3.53 Different types of weir and notch for flow measurement

tion is essential. Empirical equations are available for design-
ing weirs but calibration is still imperative after construction for
accurate measurements. These are known as:

Francis’s Formula

Q= 1.84(L —O.2H)H*'5 Equ 3.40
Bazin’s Formula

Q= (0_4046 + ——0'00:607j\/2_§LH1 5 Equ3.41
where:

L = length of weir (m)

H = height of liquid (m)

g = gravitational acceleration (m/s?)

Notches consist of an accurately shaped sharp-edged “partial
orifice” over which the liquid flows. A notch can be rectangular
or triangular in shape. The flow rate is directly related to the
height (H) of the upper liquid surface above the notch. The co-
efficient of discharge, Cq4, must be evaluated for the specific in-
stallation.

Rectangular notch

Q= gcdﬁg]m*5 Equ3.42
Vee notch
8 5 925
Q=-—C,2g tanH Equ3.43
15 d\/ 9 > qu
where:
L = length of weir (m)
H = height of liquid (m)
g = gravitational acceleration (m/s?)
Cq = coefficient of discharge
0 = angle of vee notch (degree)

The Sutro-weir is not an overfall weir in the strict sense of the
word. It is, however, a simple arrangement for flow measure-
ment of heavily contaminated liquids. The Sutro-weir does not
have sludge pockets and gives a linear relationship between

upstream liquid level and flow.
3.5.3.3 Vanes

A very accurate flow measurement can be carried out using a
measurement vane. Its use is shown diagrammatically in Fig-
ure 3.54.

The vane, which is shaped to fit the channel, moves with the lig-
uid flow. The time is measured to travel between two predeter-
mined positions.

3.5.4 Other instruments for flow measurements
3.5.4.1 Tanks

Measuring the time taken to fill or empty a tank of known volume
is a well tried method of flow measurement. As an alternative to
volume measurement, the tank can be weighed before and af-
ter filling. Properly performed, the weighing method can offer
the most accurate of all known methods and is therefore often
used for calibration. Both volume and weighing measurement
methods are ideal when the flow is not constant, from recipro-
cating pumps for example.

When the weighing method is used and the results subse-
quently converted to volume, care should be exercised during
the conversion. Ensure all parties concerned are using the
same, agreed, liquid data. Even for water.

3.5.4.2 Pitot-static tube

Velocity of flow can be determined by the use of the Pitot-static
tube (see Figure 3.55). Because of the velocity profile in
pipe-lines and ducts, the velocity at a particular point cannot be
converted to a flow. By measuring the dynamic pressure at a
number of points the flow can be summated with greater accu-
racy. Various means of measurement with several outlet pres-
sure points distributed around the pipe or duct section are avail-
able commercially.

3.5.4.3 Current meter

A current meter is a device used in large channels, canals and
rivers, to measure the current speed at a particular position.
Some instruments are mounted on traversing gantries so that a
velocity distribution across the section can be averaged. The
device converts the linear motion of the liquid into rotary motion
which can be measured. Two designs are available. Figure
3.56 shows a propeller version, the rotary speed of which varies
linearly with the velocity of flow. The other version consists of a
simple Pelton Wheel device which uses hollow cones as buck-
ets and is mounted with the axis of rotation vertical.

Figure 3.54 Flow measurement using vanes
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|
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Figure 3.55 Pitot-static tube with U-tube manometer
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Figure 3.56 Propeller current meter
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Figure 3.57 Flow measurement using lasers
Hot wire
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Figure 3.58 Simple probe for hot-wire anemometer

3.5.4.4 Laser-doppler

Alaser beam is divided into two beams in a prism as outlined in
Figure 3.57. The beams are focussed together again in the vol-
ume to be measured in the flow field, where an interference pat-
tern is generated. A particle crossing the interference band re-
flects light pulses to a receiver. The frequency of the reflected
lightis a measure of the velocity of flow. The measuring equip-
ment is very accurate but costly and its use is limited to the labo-
ratory. See Figure 3.58.

3.5.4.5 Hot-wire anemometer

The hot-wire anemometer is the most well known thermal ane-
mometer, and measures a liquid velocity by noting the heat
convected away by the liquid. See Figure 3.58. The core of the
anemometer is an exposed hot wire either heated up by a con-
stant current or maintained at a constant temperature. In either
case, the heat lost to fluid convection is a function of the fluid ve-
locity. (As an alternative to wire, thin film may also be used. The
meter is delicate and limited to laboratory use.)

By measuring the change in wire temperature under constant
current or the current required to maintain a constant wire tem-
perature, the heat lost can be obtained. The heat lost can then
be converted into a fluid velocity in accordance with convective
theory.

3.5.4.6 Various arrangements for checking flow

There are a number of methods, which are intended rather for
checking flow than for accurate flow measurements:

¢ Pipe bend

Pressure outlets are placed perpendicular to the direction of
through flow at the inner and outer bend radii respectively.
The error can be limited to £10 % for a calibrated bend.

¢ Sight glass

The position of a pivoted body in the flow (flap, paddle, etc.)
can be observed through a viewing glass.

o Pump curve

The flow can be assessed from pressure measurements
and via the known H-Q curve of the pump. This method
must be used with caution. A knowledge of how the pump
performance has changed, since new, is very important.

o Free jet

The outlet velocity of a free jet can be estimated by measur-
ing the length of throw, and with the velocity the flow.

e Floats

The time taken for a float, or other trace substance, to travel
agiven length gives a good idea of the flow in an open chan-
nel of known section.

e Tracers

Trace substances can be used in pipe systems. An exam-
ple is salt dosing in pulses. The salt cloud is traced by
means of electrodes which detect the changed electrical
conductive properties of the water.

e Concentration measurements

With a known constant dosing, the concentration in the lig-
uid is dependent on the flow. Solutions of salt in water have
been used with good results.

e Pump speed

For speed regulated pumps, the measurement of pump
speed provides a means of checking the flow. If both the
pump and system curve are known, this method can pro-
vide reasonable accuracy. Again wear in the pump and it's
effect on pump performance must be considered. Positive
displacement pumps produce a relatively constant output
over a wide pressure range. System response is not so im-
portant in these situations.

3.5.5 Measurement standards

Methods of measurement of liquid flow are dealt with in various
standards.

3.5.5.1 Measurement in pipe and duct systems
BS 1042-2.1:1983, ISO 3966:1977 Measurement of fluid flow

in closed conduits. Velocity area methods. Method using Pitot
static tubes.

BS 1042-2.2:1983, ISO 7145:1982 Measurement of fluid flow
in closed conduits. Velocity area methods. Method of measure-
ment of velocity at one point of a conduit of circular cross sec-
tion.

BS 1042-2.3:1984, ISO 7194:1983 Measurement of fluid flow
in closed conduits. Velocity area methods. Methods of flow
measurement in swirling or asymmetric flow conditions in circu-
lar ducts by means of current-meters or Pitot static tubes.

BS 1042-1.4:1992 Measurement of fluid flow in closed con-
duits. Pressure differential devices. Guide to the use of devices
specified in Sections 1.1 and 1.2. 1.

1ISO TR 3313:1998 Measurement of fluid flow in closed con-
duits — Guidelines on the effects of flow pulsations on
flow-measurement instruments.

BS 5857-1.5:1980, ISO 2975-VII: 1977 Methods for measure-
ment of fluid flow in closed conduits, using tracers. Measure-
ment of water flow. Transit time method using radioactive trac-
ers.

BS 5857-2.1:1980, ISO 4053-1:1977 Methods for measure-
ment of fluid flow in closed conduits, using tracers. Measure-
ment of gas flow. General.

BS 5857-2.4:1980, 1SO 4053-1V:1978 Methods for measure-
ment of fluid flow in closed conduits, using tracers. Measure-
ment of gas flow. Transit time method using radioactive tracers.

BS 5857-1.4:1980, ISO 2975-VI:1977 Methods for measure-
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3 Flow of liquids

ment of fluid flow in closed conduits, using tracers. Measure-
ment of water flow. Transit time method using non-radioactive
tracers.

BS 5857-1.1:1980, 1SO 2975-1:1974 Methods for measure-
ment of fluid flow in closed conduits, using tracers. Measure-
ment of water flow. General.

BS 5857-1.3:1980, ISO 2975-1i1:1977 Methods for measure-
ment of fluid flow in closed conduits, using tracers. Measure-
ment of water flow. Constant rate injection method using radio-
active tracer.s

BS 6199-1.2:1991, [SO 9368-1:1990 Measurement of liquid
flowin closed conduits using weighing and volumetric methods.
Weighing method. Procedures for checking static weighing
system.s

EN 1SO 8316:1997 Method of liquid flow in closed conduits.
Method by collection of the liquid in a volumetric tank. (See BS
5844, BS 5875, 1ISO 4185, [SO 4373).

EN 7405:1991 Guide to selection and application of
flowmeters for the measurement of fluid flow in closed conduits.

EN 24006:1993, 1ISO 4006:1991 Measurement of fluid flow in
closed conduits. Vocabulary and symbols.

EN ISO 5167-1:1997 Measurement of fluid flow by means of
pressure differential devices inserted in circular cross-section
conduits running full. Orifice plates, nozzles, and venturi tubes
inserted in circular cross-section conduits running full.

EN ISO 5167-1:2003 Measurement of fluid flow by means of
pressure differential devices inserted in circular cross-section
conduits running full. General principles and requirements.

EN ISO 6817:1997 Measurement of conductive liquid flow in
closed conduits. Method using electromagnetic flowmeters.

ISO TR 12764:1997 Measurement of fluid flow in closed con-
duits. Flowrate measurement by means of vortex shedding
flowmeters inserted in circular cross-section conduits running
full.

3.5.5.2 Measurement in open channels

BS 3680-10C:1996 Measurement of liquid flow in open chan-
nels. Sediment transport. Guide to methods of sampling of
sand-bed and cohesive-bed materials.

BS 3680-3Q:2002 Measurement of liquid flow in open chan-
nels. Guidelines for safe working practice in river flow measure-
ment.

BS 3680-8A:1989, ISO 2537:1988 Measurement of liquid flow
in open channels. Measuring instruments and equipment. Cur-
rent meters incorporating a rotating element.

BS 3680-7:2000 Measurement of liquid flow in open channels.
Specification of equipment for the measurement of waterlevel.

BS 3680-2A:1995, 1SO 9555-1:1994 Measurement of liquid
flow in open channels. Dilution methods. General.

BS 3680-4B:1986, ISO 4360-1984 Methods of measurement
of liquid flow in open channels. Weirs and flumes. Triangular
profile weirs.

BS 3680-3F:1986, ISO 1088-1985 Measurement of liquid flow
in open channels. Stream flow measurement. Collection and
processing of data for determination of errors in measurement.

BS 3680-11B:1992, ISO/TR 9824-2:1990 Measurement of lig-
uid flow in open channels. Free surface fiow in closed conduits.
Specification for performance and installation of equipment for
measurement of free surface flow in closed conduits.

BS 3680-4A:1981 Methods of measurement of liquid flow in
open channels. Weirs and flumes. Method using thin-plate
weirs.

BS 3680-2D:1993, ISO 9555-4:1992 Measurement of liquid

flow in open channels. Dilution methods. Methods of measure-
ment using fluorescent tracers.

BS 3680-2B:1993, 1SO 9555-2:1992 Measurement of liquid
flow in open channels. Dilution methods. Methods of measure-
ment using radioactive tracers.

BS 3680-10B:1980, 1SO 4363-1977 Measurement of liquid
flow in open channels. Sediment transport. Measurement of
suspended sediment.

BS 3680-8B:1983, ISO 3454-1983 Measurement of liquid flow
in open channels. Measuring instruments and equipment. Rec-
ommendations for direct depth sounding and suspension
equipment.

BS 3680-8C:1980, ISO 3455-1976 Measurement of liquid flow
in open channels. Measuring instruments and equipment. Cali-
bration of rotating-element current-meters in straight open
tanks.

BS 3680-41:1986, 1SO 8333-1985 Methods of measurement of
liquid flow in open channels. Weirs and flumes. V-shaped broad
crested weirs.

BS 3680-11A:1992, ISO/TR 9824-1:1990 Measurement of lig-
uid flow in open channels. Free surface flow in closed conduits.
Methods of measurement.

BS 3680-4C:1981 Methods of measurement of liquid flow in
open channels. Weirs and flumes. Flumes.

BS 3680-10E:1993, I1ISO 9195:1992 Measurement of liquid
flow in open channels. Sediment transport. Sampling and anal-
ysis of gravel bed material.

BS 3680-5:1992, ISO 1070:1992 Measurement of liquid flowin
open channels. Slope area method of estimation.

BS 3680-3D:1980, 1SO 4369-1979 Measurement of liquid flow
in open channels. Stream flow measurement. Moving-boat
method.

BS 3680-4F:1990, ISO 4374:1990 Methods of measurement
of liquid flow in open channels. Weirs and flumes. Round nose
horizontal broad-crested weirs.

BS 3680-4E:1990, ISO 3846:1989 Methods of measurement
of liguid flow in open channels. Weirs and flumes. Rectangular
broad-crested weirs.

BS 3680-2C:1993, ISO 9555-3:1992 Measurement of liquid
flow in open channels. Dilution methods. Methods of measure-
ment using chemical tracers.

BS 3680-3B:1997, I1SO 1100-1:1996 Measurement of liquid
flowin open channels. Stream flow measurement. Guide for the
establishment and operation of a gauging statio.n

EN ISO 748:2000 Measurement of liquid flow in open chan-
nels. Velocity-area methods.

3.6 Useful references

Internal Flow Systems, D S Miller, Crane Company, USA
1988. Technical Papers Nos. 409 and 410.

The Two K Method Predicts, William B. Hooper, Chemical
Engineering, August 24, 1981 pp 96-99.

Calculate Head Loss Caused by Change in Pipe Size, Wil-
liam B. Hooper, Chemical Engineering, November 7, 1988 pp
89-92.

Hydraulic Institute, 9 Sylvan Way, Parsippany NJ, 07054
USA. Tel 973 267 9700, Fax 973 2679055, www.pumps.org.

VDMA (German Engineering Federation), Lyoner Stralle 18,
D-60528 Frankfurt, Germany. Tel 069 66 03-0,
www.vdma.org.

Transport hydraulique et décantation des matériaux solides.
Durand, R. & Condolios, E. (1952). Deuxiéme Journée de
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I'Hydraulique, 27-55, France. serted in circular cross-section conduits running full, ISO

. ) . ) 5167-1.1991(E).
Capillary conduction of liquids through porous mediums, L.A.

Richards, 1931. Physics 1:318-333. Fluid meters: Their theory and application, edited by H. S.

Bean, 6ed Report of ASME Research Committee on Fluid
Measurement of fluid flow by means of pressure differential Meters. American Society of Mechanical Engineers
devices, Part 1: Orifice plates, nozzles, and Venturi tubes in- (ASME),1971.
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4 Pump theory

4.1 Introduction

Use is made of pumps everywhere there is a need for liquid
transportation. Sometimes it is clean liquid which is pumped,
sometimes the liquid is used as a medium for carrying thermal
energy or solid suspended material etc. Due to widely varying
operational requirements there are a large number of different
pump designs available. A classification into four main catego-
ries has been made in an attempt to provide a clear picture of
the types of pumps in use today and forms the basis of the
pump types described in detail in Chapter 1. The pump types in
Chapter 1 should be studied individually to assist in the selec-
tion of the appropriate type.

¢ Rotodynamic pumps

¢ Special rotodynamic pumps

* Positive displacement pumps
e Other pumps

The construction of rotodynamic pumps is characterised by
one or more impellers equipped with vanes which rotate in a
pump casing. Those forces which come into being when liquid
flows around the vanes are utilised in the conversion of energy.
The rotodynamic pumps are called radial pumps or axial pumps
depending on the main direction in which the liquid flows
through the impellers. Alternatively, the terms “centrifugal
pumps” for radial pumps, and “propeller” for axial pumps are
used. Of course, intermediate forms between purely radial and
purely axial pumps are also found and as such, are termed
“mixed-flow” pumps. Figure 4.1 shows the most usual and most
important of the rotodynamic pumps.

Certain aspects of the special rotodynamic pumps are closely
related to the radial rotodynamic described above. These
pumps are not true rotodynamic pumps because their perfor-
mance does not meet the expectations predicted by the
rotodynamic equations. The kinetic energy of the liquid is
transformed into static head but the actual pump performance
must be confirmed by testing. The peripheral pump uses impel-
lers with vanes to increase the liquid kinetic energy whereas the
Pitot tube pump utilises a rotating drum. See Figure 4.2. Both
pumps are very useful because the differential head increase is
more than a centrifugal pump of the same speed.

Py

(1 |

Axial pump
Propeller pump

Radial pump
Centrifugal pump

Figure 4.1 Examples of rotodynamic pumps

Pitot tube pump

Figure 4.2 Example of special rotodynamic pumps

—

e
—

Rotary motion
(gear pump)

Reciprocal motion
(plunger pump)

Figure 4.3 Examples of positive displacement pumps

Jet pump

Figure 4.4 Example from the category Other pumps

Positive displacement pumps operate with enclosed liquid vol-
umes which are forced forward in the direction of pumping, or
squeezed and expelled into the pump outlet, see Figure 4.3.
The oldest and perhaps the most typical positive displacement
pump is the piston pump. A certain volume of liquid is pressed
out of the cylinder for each stroke of the piston. The plunger
pump is a variant of the piston pump. The piston pump belongs
to the sub-category among the positive displacement pumps
which operate by means of a reciprocating motion. The other
sub-category comprises rotating or rotary positive displace-
ment pumps. These include, for example, gear pumps where
the liquid is transported in gaps between the gear teeth and
where the difference in pressure is maintained by means of,
among others, the seal afforded by the contact surface of the
meshing gears. Other examples of rotary displacement pumps
are screw pumps, vane pumps, hose pumps, etc.

Ejectors and air-lift pumps are typical examples of the main cat-
egory termed “Other pump types”. The static pressure in the
nozzle of the jet pump falls when the speed of the motive fluid
increases. The pumped liquid is sucked in and mixed with the
motive fluid. The overall speed of the fluid flow is reduced and
the static pressure is increased in the jet pump venturi (dif-
fuser). Because jet pumps can handle liquids and gases they
are useful for priming other pumps, see Figure 4.4. Jet pumps
powered by steam or compressed air are also called ejectors.

Air-lift pumps function by reducing the effective density of the
liquid by entraining large volumes of gas, usually compressed
air. The liquid may be converted to foam if the surface tensionis
adequate. Atmospheric or gas pressure acting on the bulk lig-
uid surface lifts the reduced density mixture above the station-
ary liquid. Performance is very variable and testing and tuning
are usually required to achieve the desired results.

The performance of pumps, and above all rotodynamic pumps,
is usually shown in the form of a curve. The main interest is the
relationship between the volume of liquid transported per unit of
time, the so-called volume flow or flow rate or just “flow” and the
pressure increase or head rise of the pump. The different main
categories have, in this respect, drastically different character-
istics, see Figure 4.5.

The volume flow in positive displacement pumps is virtually in-
dependent of the pressure difference, i.e. the performance
curve is almost a vertical line. The performance curve for the
centrifugal pump shows increasing pressure rise with decreas-
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Figure 4.5 Pump curves for different pump types

ing volume flow. Peripheral pumps have a curve lying between
these two groups of pumps, (see Chapter 1, Section 1.4.1). The
flowin a pump is determined by the relationship of the specified
pump pressure increase to the back-pressure, i.e. the resis-
tance in the system, which is required in order to drive forward
the flow.

The piping system has a characteristic curve, flow-differential
pressure or head, which must be derived by the system de-
signer. Apump can only operate where the pump characteristic
intersects the system characteristic, see Figure 4.6. The pump
characteristic can be modified by adjusting the pump speed.
The system characteristic can be changed by opening or clos-
ing valves or by changing the levels in tanks. If everything re-
mains constant the pump flow will be constant. However, the
pump could wear and the pipework become partially blocked
due to deposits or corrosion products. Operating conditions do
tend to change with the passage of time.

If the liquid pressure in a pump suction is reduced to the vapour
pressure of the liquid, the liquid evaporates. So-called cavita-
tion occurs when the vapour bubbles return to liquid form in ar-
eas of higher pressure, this phenomenon causes intense local
pressure spikes. Cavitation is not desirable since it reduces
both pump performance and the operating life of the pump. The
concept of NPSH/NPIP is employed to describe the risk of cavi-
tation and states the necessary pressure or head measured
above the vapour pressure of the liquid such that the effects of
cavitation are limited or eliminated. For further details see Sec-
tion 4.4.1.

4.2 Rotodynamic pumps

4.2.1 Rotodynamic pump theory
4.2.1.1 Differential head

In the past, pumps were used almost exclusively for transport-
ing water from a lower to higher level, e.g. in a mine, water distri-
bution or in anirrigation installation. Then it was practical to use
the concept of delivery head (delivery height) as a criterion of
the pumps performance ability. Despite the fact that today
pumps are used to a large extent for purposes where the alter-
ation in the elevation of the medium is of subsidiary importance,
this concept of head still remains. It is useful because the ideal
pump differential head is related to the speed of the vanes, ve-
locity head ¢? /2. In this Section the pump differential head will
always be shown as AH and called differential head. In some
publications it may be shown as Hy,.1 indicating the difference in
total heads between suction and discharge. In pumping circles
it is standard practice only to refer to *head” on the understand-
ing that everyone knows that it is really differential head.

The process which takes place when a liquid is passing through
the pump is isentropic, i.e. the exchange of heat between the
pumped liquid and the environment is so small that it can be ne-
glected and is more than compensated by extra heat generated

Pump characteristic

Differential pressure

/ 25% 50% 75% 100%
Speed Speed Speed Spesd

Flow

Figure 4.6 Positive displacement pump and system characteristics

by inefficiencies. An equal amount of mass flows through per
unit of time in and out through the pump, the external leakage
normally being negligible in comparison with the mass flow
through the pump. Some pump designs have internal
recirculation for thrust balancing which complicates the theory
a little. Such a process is described by the Energy Equation
(see also Chapter 3, Section 3.1.5) for steady flow calculated
per unit of mass of pumped liquid and using the terms as given
in Figure 4.7. Absolute flow velocity is designated by c in this
Chapterin line with current practice for rotodynamic machinery.

_ 2 __ 2
|1 = u3_u1+u+c3—_CL + g(h3,h1)

Equ4.1
5 q

Put into words, the Energy Equation states the following: The
mechanical work l;, which is supplied via the pump shaft,
causes: an increase of the internal energy (u), an increase in
the static pressure (p/p), an increase in kinetic energy (c?/2)

and an increase in potential energy (gh), in the liquid.

It is desirable that as large as possible a part of the shaft work
supplied results in an increase of static pressure in the liquid. In
principle kinetic and potential energy can be completely con-
verted into static pressure. It is more difficult to make use of the
increase in the internal energy. It corresponds to an unneces-
sary and undesirable increase in temperature of the liquid and
is considered as a loss. It is against this background that the
pump's differential head AH is defined as that useful part of the
change in state of the liquid measured in metres of liquid col-
umn.

_ 2 2
AH=Pe= P GGy Equ4.2
P9 29
where:
p = static pressure (N/m?)
c = absolute velocity (m/s)
} ;
. )
h3
Py
- —
c, 4

Figure 4.7 Pump terms
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h = potential head (m)
r = density (kg/m3)
g = gravitational acceleration (m/s?)

Note: The potential head of the inlet flow is taken at the cen-
tre-line of the impelier.

4.2.1.2 Losses and efficiency

Varying liquid properties can change the proportions of the
power flow. Increased viscosity, for example, leads to higher
impeller friction and blade losses. The shaft power P supplied is
defined as the product of rotary moments and angular velocity
atthe pump's shaft coupling. The pump efficiency is designated

by 1.

P
= 4 Equ4.3
n P q
where:
P, = useful work output (W)
P = power input (W)

The useful power (P,) is thus the shaft power which remains
from that supplied after all losses have been overcome. The
useful power is applied to the pumped liquid and causes it to
change state. The useful power is associated with the previ-
ously mentioned mechanical work according to the following re-
lationship. (See Figure 4.8.)

P=ml| Equ4.4
where:

m = the mass flow through the pump

P, = m-g-AH = p-Q-g-AH Equ4.5
where:

m = mass flow (kg/s)

p = density (kg/m?)

Q = volume flow (m?¥s)

o] = gravitational acceleration (m/s?)

Impelier .
friction Blade losses Internal leakage (slip)

Puseful

1 7

Bearing and External
seal friction leakage
Impeller
friction Internal
Sealing leakage (slip)
friction
- — —
Bearing
friction f Blade

losses
External

leakage

Figure 4.8 Power flow through a pump

AH = differential head (m)

The pump efficiency can be shown to be the product of other ef-
ficiencies concerned with specific losses within the pump.

T'[ = nm'ni'nc'nv EqU46

A part of the shaft power is used in overcoming friction resis-
tance in bearings and seals, Pj,. This loss of power does not
generally affect the liquid but is transformed into heat which is
given off to the environment. The pump mechanical efficiency is
given by:

Equ4.7

The impeller efficiency, n;, is a measure of how much of the
power available, (P - Pjn), is converted to kinetic energy in the
liquid and how much power is lost in blade losses and disc fric-
tion.

The casing efficiency, 1, is a measure of how much kinetic en-
ergy produced by the impeller, is recovered as static pressure
rise compared to losses which appear as increased internal en-
ergy, temperature increase.

The volumetric efficiency, 1, evaluates how much flow is deliv-
ered from the pump discharge compared to the flow through the
impelier. External leakage must go through the impeller, and be
worked on, before it can escape from the seal. internal leakage,
slip, allows a smail quantity of liquid to recirculate around the
impeller, reducing the effective pump flow.

The individual losses mentioned above are not constant but
vary depending upon where the pump operates on its curve. At
low flows/high heads, bearing friction can increase due to
higher axial thrust and radial loads. The power conversion to ki-
netic energy in the impeller is influenced by the velocity trian-
gles, see Figure 4.11. For a constant speed pump, the velocity
triangles can only be correct for one flow rate, Best Efficiency
Point (BEP). At other flows mismatches in the blade and liquid
angles occur causing additional losses.

How the casing efficiency varies is dependant upon the type of
casing design. Kinetic energy can be recovered as static pres-
sure rise in two types of diffuser; vaned and vaneless. A vaned
diffuser will suffer the same velocity triangle problems as the
impeller with off-design flows. The vaneless diffuser or volute
does not have blade angles to cause extra losses but does op-
erate with flow paths away from the optimum in the specially
shaped passages, again increasing losses. Internal leakage is
affected by the pump differential head and the measures em-
ployed by the manufacturer to reduce it, such as wear rings,
and wear in the pump.

A very important efficiency to consider, in today's increasingly
energy conscious climate, is the overall efficiency, ng, often
called the “wire-to-water” efficiency. This should be evaluated
from the actual power consumed by the pump driver compared
to the pump useful power. Overall efficiency takes into account
any drive train systems between the driver and the pump and is
the only valid efficiency to be used in Life Cycle Costs. Extra
care should be exercised with electric motors controlled by vari-
able frequency invertors. Invertors can inject harmonics into
the mains supply which may cause serious errors in electrical
power measurement.

When considering “wire-to-water” efficiency and Life Cycle
Costs it is essential to consider the pump unit in a proper con-
text. In the case of boiler feed pumps, applications where heat
is added to the liquid after pressurisation, the normal pump effi-
ciency is inappropriate. The heat added by the pump is not a
loss but is a useful energy addition; the “wire-to-water” effi-
ciency should be increased to include the pump heating effect.
“Wire-to-water” efficiency can be maximised by matching the
pump unit to the system requirements. Oversized pumps, throt-
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Figure 4.9 Wear rings on a centrifugal pump

tled to produce the correct flow, are very inefficient. As the
power consumed by a pump costs much more than the initial
purchase cost a small improvement in efficiency can resultin a
considerable reduction in Life Cycle Costs.

As mentioned earlier, wear rings are employed to reduce inter-
nal leakage slip. Figure 4.9 shows where rings are fitted on a
centrifugal pump impeller and its casing. Sometimes rings are
only fitted to the front of the impeller. Wear rings can be of vari-
ous designs, see Figure 4.10. Wear rings are fitted to enclosed
impellers, one on the front and one on the back. It is possible to
avoid wear rings and just provide a tight clearance between the
casing and the impeller, but adjustment for wear can be a prob-
lem. Wear rings are intended to be a replaceable spare part.
Liquid leakage from higher pressure zones, after the impelier
has imparted energy, to suction zones is reduced by imposing
tight clearances in the leakage path. The actual radial clear-
ance is strictly controlled.

Plain rings, shown on the left in Figure 4.10, are by far the most
popular style. They are the easiest to manufacture and fit. Also,
a plainring does not restrict axial float. The rotor can move with-
out rubbing on a ring. Stepped rings, shown in the centre, are
fitted to some pumps, quite often at the insistence of the pur-
chaser or pump user. Some pump users find a stepped ring pro-
vides better performance and longer life. The stepped ring con-
cept can be taken further by introducing a radial flow portion to
the ring combination. Stepped rings inhibit rotor axial move-
ment and axial setting must be controlled accurately. Stepped
rings also limit assembly possibilities.

Wear rings are primarily for internal leakage reduction, but do
perform another important, secondary, function. Wear rings act
as hydrodynamic bearings, bearings lubricated by the process
liquid. The bearing function is quite useful in multistage pumps,
when the wear rings effectively 'stiffen’ the shaft; they reduce
radial movement of vibration, for example. The material combi-
nation can be very important if rubbing is likely.

Rubbing is most likely to occur during start-up or shutdown, or
during low speed operation when the hydrodynamic bearing ef-
fects are reduced. Wear ring material combinations are the re-
sult of ‘trial and error’ over the years, see Table 4.1. Newer ma-
terials, more expensive materials, can be adopted to solve
problems such as very low viscosity or short term dry running.
Alloys containing 75% or more nickel have proved effective.
Modern engineering plastics, like PEEK, are proving very use-
ful. The cost can seem exorbitant when compared to ‘old-fash-
ioned’ metal.

[T asng wearring |
————

| [ impnter wear ing

Figure 4.10 Common wear ring designs
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Table 4.1 Standard wear ring material combinations

Metal wear rings can be through-hardened, case-hardened or
surface hardened. Laser hardening is used by some pump
manufacturers. Most wear rings are ground to provide a very
smooth bearing surface. Occasionally, wear rings are knurled
to provide a rough surface. Micro-machining is a relatively new
technique to improve bearing performance.

4.2.1.3 Euler's equation

Figure 4.11 shows a pump impeller with associated velocity tri-
angle diagrams. The velocities u; and u; are the peripheral ve-
locities of the impeller biade at inlet and outlet. The outlet pe-
ripheral velocity is commonly called the tip speed. Liquid enters
the impelier at a velocity ¢4 at a radius ry. The liquid leaves the
impeller at a radius r, with a velocity c,. The design of the blade
forces the relative velocity, i.e. the velocity which is experienced
by an observer travelling with the movement of the blade, to al-
ter its magnitude and direction from w, to w,. Due to this the ab-
solute velocity ¢, at the impeller outlet will also deviate from the
flow velocity ¢, at entry. The tangential component of absolute
velocity is designated by ¢, i.e. in the direction of the peripheral
speed.

By applying the Law of Conservation of Momentum from fluid
mechanics to the flow through the impeller, we obtain in the tan-
gential direction the following

M = m(r,-c, -¢c,) Equ4.8
Here M,, is the rotary moment which the impeller must impart to
the liquid, in order that the flow according to Figure 4.8 may be
produced. The flow velocities in equation 4.8 are intended to be

representative mean values for the liquid which is flowing
through the impeller.

During the time At the pump shaft rotates through the angle A¢
atthe same time as the mass Am passes in and an equal mass
Am passes out through the impeller tip. If both sides of equation
4.8 are multiplied by A¢ and at the same time m = Am/At is in-
troduced, then

Ad

M'Aq):v'Am (rz'C2u‘r1'C1u)

Equ4.9
A q

but M; - A¢/Am is the work per unit mass which the rotary mo-
ment carries out whilst the impeller rotates through angle A¢.
This work per unit mass is called blade work and is designated

-

Figure 4.11 Impeller with velocity triangles at inlet and outlet
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ly. Furthermore, the quotient A¢/At is equal to the constant an-
gular velocity o of the pump impeller.

Thus:

l, = o(r,- ¢, - ¢:C,,) Equ4.10
That part of the blade work which corresponds to the blade
losses results in an increase of the internal energy of the liquid
whilst the rest (n, - |,) provides a useful change of the state of

the liquid (g-H). If then the peripheral speed u = r,- w is ap-
plied, we finally obtain:

g-AH _ Uy~ Cyy — Uy~ G, Equ4.11
Th
where:
g = gravitational acceleration {m/s?)
AH = differential head (m)
Mh = hydraulic efficiency
u = peripheral velocity (m/s)
Cy = tangential component of the

absolute velocity (m/s)

Equation 4.11 is Euler's equation as it is normally written for
pumps.

4.2.1.4 Pump curves

In accordance with Euler's equation differential head is de-
pendent upon the size and direction of the velocity vectors and
the size of the hydraulic losses. Both these factors are affected
by, among others, the flow rate Q, which passes through the
pump.
In many cases the tangential component of the absolute veloc-
ity entering the impeller is small, i.e. ¢,, ~ 0. In such cases Eu-
ler's equation is simplified to:

g-4H = Uy Cy

un

Equ4.12

If the flow through the pump were free of losses (n, =), the
ideal differential head, AH,, would be given by the following

equation:

Uz - Gy

AH, = Equ4.13
9
AH, is often called the Euler head. With reference to Figure 4.11
AHi - u_2 u, _CA
g tanp,

and
. - _Q
™ 2mer,-b,

or

DH, = 2 uz———Q—
9 2p-1,- b, - tanp,

The angle 3,, in the velocity triangle is somewhat smaller than
the blade angle at the impeller blade tip. This angular difference
is called the deviation angle and is due to the blade's inability to
control completely the relative flow of a real liquid as opposed to
an ideal liquid with zero viscosity and density. The size of the
deviation angle is primarily dependent upon the number of
blades.

Equ4.14

For a given pump, operating at a certain constant speed, the
ideal differential head H; decreases linearly according to equa-
tion 4.14 with increasing flow Q. The actual differential head H
differs from H, due to the hydraulic losses h¢. These, as in all

120
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Figure 4.12 Centrifugal pump H-Q curve

other cases of flow, are dependent upon the inlet flow direction
towards the body around which the liquid flows.

In the case of pumps, the inlet flow direction towards for exam-
ple the blades, varies with the flow rate. A certain inlet fiow an-
gle gives the most favourable flow and thus the smallest losses.
Both higher and lower values of Q result in an increase of hy. By
subtracting h; from H;, the actual H-Q curve of the pump at con-
stant speed is obtained, see Figure 4.12. The shape of the H-Q
curve varies from one pump type to another and between differ-
ent designs of the same pump types. Detailed design particu-
lars, such as: blade profiles, blade angles, number of blades,
area ratios and diffuser type, all affect the curve shape.

In addition to the pump's H-Q curve, the required shaft power P,
the pump's efficiency n and NPSHR, as shown in Figure 4.13
are also usually given as a function of the flow in a pump char-
acteristic curve. The shaft power is based on water, i.e. specific
gravity = 1.0.

Variations in specific gravity will affect the power, and the dis-
charge pressure even though the differential head is constant.
The pump can, in principle, operate at any point whatsoever
along the H-Q curve. The position of the operating point in an
actual case is determined by the characteristics of the system,
suction plus discharge, to which the pump is connected. The art
of good pump selection is to operate as close as possible to the
Best Efficiency Point (BEP); also some users specify the duty
point must be to the left of BEP.

- 70

Efficiency %
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1 40

Differential head m
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NPSHR m
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Figure 4.13 Constant speed, fixed diameter pump curve
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4.2.1.5 Specific speed

An important parameter which is frequently used to describe
different pump types and to characterise a duty point is specific
speed N;, defined by the following relationship:

Qs

N, = n-—% Equ4.15
HBEP

where:

Ns = specific speed (dimensionless)

n = shaft speed (rpm)

Qeer = pump flow at best efficiency point (m*/h)

Heer = pump AH at best efficiency point (m)

Note that N; is not dimensionless and therefore has different
numerical values in different systems of units. N can be de-
fined in words as the mechanical speed of a pump identical with
the one under consideration, and which with identical velocity
vector diagrams gives a flow of 1 m%h at a differential head of
1m. All identically shaped pumps have therefore the same spe-
cific speed independent of their size.

The specific speed is used, among others, for characterising
the shape of rotodynamic pump impellers, see Figure 4.14.
Drawing on experience gained in this field, it is generally possi-
ble to estimate which impeller shape will, under normal circum-
stances, give the best results for a given speed, flow and differ-
ential head. Figure 4.13 illustrates this relationship. The axial
flow pump has shown itself to be the most suitable type in the
case of, for example, a large flow and a small differential head,
i.e. in the case of high specific speed. Axial flow pumps are
therefore said to have high specific speeds.

There is another form of specific speed in popular use, Suction
specific speed, Ngs. Suction specific speed is evaluated using
the same equation as specific speed but NPSHR is used in
place of differential head. N is an indication of how good the
suction performance of a pump is. Some users specify a limit-
ing range, 175 to 215, of Ny in an attempt to limit cavitation
problems.

radial semi-axial/diagonal axial

N - 20 35 60 120 250

L3

Figure 4.14 Pump impellers having different specific speeds

Cavitation, especially when operating well away from BEP, is a
very complex phenomenon and specifying any Ngs value will not
necessarily solve or help the problem. Other problems associ-
ated with rotodynamic pumps operating well away from the
BEP are surge and internal recirculation. Both of these prob-
lems are associated with low flows. Manufacturers take great
care to avoid surge and recirculation problems by specifying
minimum flows for pumps. Itis up to the user to correctly assess
the full operating regime and communicate this to the manufac-
turer.

A very interesting and educational paper was presented by R.
Palgrave, some years ago, on the relationship and effects of
both specific speed parameters. The paper, indicates the alter-
natives available to the pump designerin response to changing
operating conditions and customer restraints. The paper shows
pump performance as a 3D surface, which connects flow, head
and NPSH, rather than a conventional 2D curve andis shown in
Figure 4.15.

4.2.1.6 Similarity

Under certain conditions, the performance of a pump can be re-
calculated in a specially simple manner which is valid for all
sizes of pump at different operational speeds. These conditions
are as follows:

e The pumps compared should be identical or geometrically
similar

¢ The pumps compared should operate at similar operational
points, i.e. with geometrically similar velocity diagrams

¢ Any difference in efficiency should be negligible

In a comparison between two pumps [ and Il, which fulfil these
conditions, the following relationships between their respective
speeds n, and ny, (dimensions expressed as the impeller diam-
eters Dy and Dy ) and their performance, will apply:

e For the flows

Q _n-D
Q, n,-D,
o For the differential heads
H n2D/
H, n,2 D>

¢ For the power requirements

P, n}-D}
— = Equ4.16
Pn nu3' Dﬁ

The Affinity Laws which apply to a pump with a fixed impeller di-
ameter, form a special case of the general similarity relation-
ships. When D, = Dy, then

Q«xn
H oc n2

P o nd Equ4.17

When the principles of similarity are used in practice, the varia-
tion in efficiency between the pumps compared is ignored ex-
cept when calculating power. Similar pumps have the same
blade angles. Geometrically similar velocity diagrams imply the
same flow angles. The inlet flow direction, whichis so important
for the hydraulic losses, is therefore unaltered in the cases
compared. Against this background a constant hydraulic effi-
ciency would seem to be a reasonable approximation. In prac-
tice the efficiency will improve slightly as speed increases. In
the case of very large pumps which are tested by means of
model tests in the laboratory, a somewhat higher efficiency can
be expected for the full-scale pump than that which is mea-
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sured during the model test. Parasitic losses tend to increase
as size reduces.

Similarity is very useful to pump manufacturers. Similarity al-
lows a pump curve to be adjusted for changes in pump speed
and small changes of impeller diameter. Similarity is not quite
so useful for pump users. Similarity does not predict changes in
operating conditions. The pump curve can be adjusted then the
system curve must be added. A pump can only operate at the
intersection of the pump characteristic and the system charac-
teristic. The similarity equations apply to pumps — not pumps
in systems!

4.2.1.7 Axial thrust and radial forces

The pump impeller works best if the impeller tip width is aligned
centrally with the throat of the diffuser. The pump shaft is ad-
justed during assembly to accompilish this. The unbalanced ax-
ial thrust (axial force) on the pump shaft must be absorbed by a
thrust bearing or balanced out with a special arrangement. A
special balance disc or drum, however, always requires a cer-
tain amount of driving power and internal leakage and therefore
reduces the overall efficiency of the pump. It is thus advanta-
geous if the axial force can be limited directly by means of the
pump impelier design. This is not always possible and some
large pumps have a balance disc/drum to reduce the axial
thrust and a thrust bearing to locate the shaft. Balance discs
and drums are always designed to leave a residual thrust which
must always be in the same direction to avoid thrust bearing
problems. (See Figure 4.16.)

The application of the Momentum equation, equation 3.7, in
Chapter 3, to a control volume, precisely that which encloses
the impeller, gives the following, using the terms as shown in
Figure 4.17.

]

Sealing edge

Holes for pressure
equalisation

Reverse

side

blades
" |back
vanes)

F, = pr-Zn-r-dr + pr 2n-r-dr-

rs

rjp, - 2n-r-dr—

rS

Py P12+ M- G,y - SINB— M- C, Equ4.18
If the pressure on the front and back face of the impeller forr<rg
is assumed to be equal (p, = pr) and if the angle B is small (Sin
= 0) the above expression can be simplified to

Fax:jpb-2n~ r-dr-p,-m-rZ-m-c,

ra

Equ4.19

In order to limit F it is normal procedure to provide the back
wall of the impeller with an extra sealing edge at the same diam-
eter as rs, back wear ring, and at the same time to bore holes
through the wall close to the shaft for pressure equalisation.
Then

F

' —PgrmerZ—m-c, Equ4.20

As well as the axial force from the impeller, the shaft is also sub-
jected to forces from seals and bearings as well as the atmo-
spheric pressure at the end of the shaft. The bearing force is

F Equ4.21

ax bearing ~—

In general the forces generated by seals and atmospheric pres-
sure on the open shaft end are very small. Another way of limit-
ing the axial thrust is to provide the impeller with blades on the
reverse side. This causes the rotation of the liquid on the re-
verse side to be greater than that achieved by friction on the
front side. Again see Figure 4.16. The increased rotation there-
fore causes lower pressure for r <r, and also therefore a reduc-
tion in the actual force. In the case of multi-stage pumps or dou-
ble suction impellers, low axial thrust can be obtained by having
impellers facing in opposite directions.

(pa - ps)'ﬂ:'ra2 - mcs +F,

shaft seal

Considerable radial forces occur during partial loading in all
pumps equipped with volute casings. The design of such
pumps seeks to achieve an even pressure distribution around
the impeller. This condition determines the shape of the volute
casing. During part load, however, the pressure around the pe-
riphery of the impeller will vary. The radial forces on the impelier
are taken up by the bearing via the shaft. The diameter of the
shaft and the distance from the bearings determines the deflec-
tion.

Since the pressure varies around the periphery of the impeller
the flowin the individual blade passages will also vary as the im-
peller rotates. In simple theory the liquid flow is considered as
constant velocity across the peripheral section of a biade pas-
sage. In reality the flow may be in two or three distinct zones
with different velocity profiles.

The size of the radial force can be estimated by means of the
following formula:

Fax seal Fax bearings

B S| Vi

R S R = Pa
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e

Figure 4.18 Illustration of radial forces on the impeller in the case of reduced
flow (Q < Qgp)

Single volute

Double volute

Design point
Double volute

i
1 Q

BEP

Figure 4.19 Examples of the effect of the position of the operating point and
the type of the volute casing on the parameter k.

Fos = ke- D, b, -p-g-AH Equ4.22
where:
Faa = radial force (N)
ke = empirical constant (dimensionless)
D, = diameter of impeller (m)
b, = tip width (m)
= density of liquid (kg/m?3)
g = gravitational acceleration (m/s?)
AH = differential head m)

The parameter kr assumes different values for different de-
signs of pumps and also varies greatly with the volume flow
through the pump. Figure 4.18 illustrates this.

For a centrifugal pump with a single volute, ke can have a value
up to 0.4 at zero discharge (Q=0).

An effective method of limiting the size of the radial force is to
provide a double volute, see Figure 4.19.

The radial force is greatest at Q=0, the shut-off head. The radial
force causes a deflection of the pump shaft and subjects the
shaft to rotary fatigue. The condition that the maximum shaft
deflection at the zero discharge should be less than 0.05 mm at
the shaft seal is often used as the guiding value in deciding the
dimensions of the shaft.

The size of the axial thrust and radial force is a determining fac-
tor in the design and construction of the pump (clearances,
bearings, bearing arrangement, etc.). They are also often the
primary cause of breakdowns. Note that both the axial thrust
and the radial force increase with partial load and are greatest
at zero discharge. Pumps with front and back wear rings on
each impeller have much stiffer shafts than simple theory pre-

dicts. Each wear ring acts as a hydrodynamic bearing, to some
extent, and provides support for the shaft.

Large pumps, and high differential head pumps, often have re-
strictions regarding low flow operation. The manufacturer may
have stated the pump should not be operated continuously at
less than 25% flow. Low flow operation is restricted to reduce
heat build up in the pump; it obviously helps with axial thrustand
radial load.

4.2.2 Rotodynamic pump curves
4.2.2.1 Presentation of data

In addition to the relationship between head and flow (H-Q) the
complete data set for the pump also comprises power input, ef-
ficiency and NPSHr. Figure 4.20 shows an example of a com-
plete pump characteristic. This diagram also shows perfor-
mance curves for different diameters of impeller, i.e. the
different performances which can be attained for one and the
same pump by machining the impeller. With moderate adjust-
ments of the impeller diameter the NPSH curve is not affected
and the efficiency curve is only affected to an insignificant de-
gree.

Rotodynamic pumps are usually designed to be driven directly
by standard squirrel-cage electric motors. This philosophy
means that most pumps run at one speed out of a choice of
eight.

Number of poles 50 Hz 60 Hz
2 pole 2900 rpm 3500 rpm
i 4 pole ! 1450 rpm 1750 rpm
1 6 pole “ 960 rpm 1160 rpm
i 8 pale 1 730 rpm L 880 rpm

Table 4.2 Approximate fuli load speeds of electric motors
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Figure 4.20 Example of performance curve for a centrifugal pump with a speed
of 1450 rpm on water (Numbers 150-170 refer to the impeiler diameter in mm)
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Figure 4.21 Impeller with diameter reduced from D,toD,

Motors are available with more than eight poles but these are
not popular and are costly. The actual full load speed of the mo-
tor is dependant upon its size. Large motors are more efficient
and have less slip and therefore run closer to the synchronous
speed. From Table 4.2 it can be seen that there is a speed ratio
of about two between 2-pole motors and 4-pole motors.

For a pump designed at 2900 rpm to run at 1450 rpm it would
produce 50% flow and 25% differential head. Pump manufac-
turers needed a cost-effective mechanism to increase the oper-
ating range of a pump without changing motors or speeds with
gearboxes or V-belts. Reducing the impeller diameter, from the
maximum possible, is a simple and very effective solution. The
impeller can be reduced to about 70% on most designs.

In the absence of pump performance data for different diame-

ters, the modification in performance in the case of reduction in

the diameter from D4 to D5, according to Figure 4.21, can be es-

timated according to the following rule:
H, _ D and Q& _Db,

= =2 Equ4.23
H, D2 "0 Q D d

Anew approximate H-Q curve is obtained by recalculating suffi-
cient points to produce a smooth curve.

The efficiency is sometimes indicated by iso-efficiency lines on
the H-Q diagram as shown in Figure 4.22.

When a pump is designed to be capable of accepting different
types and sizes of driver, the pump characteristic will show the
efficiency of the pump alone. If the characteristic shows an

Differential head H
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Figure 4.22 H-Q diagram with iso-efficiency lines (Numbers on the extreme
right of each H-Q curve are the different impeller diameters)
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Figure 4.23 Pump curves for an axial flow pump with adjustable impeller
blades. The curves a to e designate different blade settings. The perfor-
mance is expressed relative to Best Efficiency Point (n..)
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Figure 4.24 Pump curves for mixed flow pump with adjustable inlet guide
vanes (The angular values relate to the angle setting of the guide vanes)

overall efficiency, including driver and any transmission losses,
it will be stated clearly.

In the case of axial or mixed flow pumps, different characteris-
tics can be achieved through adjustment of the angular position
of the impeller blades, see Figure 4.23. Similarly the perfor-
mance can be modified by adjusting stationary inlet guide
vanes, see Figure 4.24.

If the pump speed is varied then performance changes can also
be expressed as a series of curves in the H-Q and the P-Q dia-
grams. For example, an existing pump curve with H-Q and P-Q
diagrams can be recalculated from a maximum speed to some
other speed by recalculating 4 or 5 points on the maximum
curves, one after the other, to the new speed; and with the help
of the affinity laws and the transmission efficiencies for the ac-
tual speed converter. Figure 4.25 shows an example of such re-
calculated pump performances. A more detailed treatment of
speed regulated pumps is given in Chapter 6.

The pump curves described so far have related to one and the
same size pump. In order to be able to display data for many
sizes of pump simultaneously, range charts are used. Logarith-
mic scales may be used on either or both axes to show the indi-
vidual performance range with some accuracy, see Figure
4.26. Diagrams of this type are used both in order to be able to
find a suitable size of pump quickly, and to systematise classifi-
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Figure 4.25 Example of performance curves for a variable speed pump. The
power requirement relates to a pump with fluid coupling. The speed is ex-
pressed relative to the full speed of a direct driven pump. Due to slip in the
hydraulic coupling at the full load, n * = 0.97 which gives somewhat lower
performance than for corresponding Jiféct drive pumps
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Figure 4.26 Range chart for small single stage pumps. (The first number of
each designation relates to the discharge dimension in mm and the second
number to the maximum impeller diameter in cm)

cation into different sizes. Due to the use of different pump im-
peller diameters or blade angles, one pump size covers a “win-
dow” in the diagram. Each pump covers a flow range of
approximately 2:1 and a head range of 1:6. In order to cover
varying needs for volume flow and differential head, 20 to 60 dif-
ferent sizes of pump can be required in a range to provide good
coverage. It is very useful to indicate the BEP as a point on the
maximum and minimum impeller curves. This shows very
quickly how good a selection will be.

Good range design for a specific type of pump is very compli-
cated and many factors must be considered. Problems arise
because small pumps cost more to manufacture than large
pumps. Good range coverage is achieved with centrifugal
pumps when pumps are spaced on a geometric power scale.
The step size should lie between 1.2 and 1.75. Experience has
shown that because of the small pump cost problem, smaill
pump design should not be compromised by interchangeability
considerations but designed specifically for that size.

A rotodynamic pump's H-Q curve is stated as being stable or
unstable depending upon whether the differential head is con-
stantly rising or not when flow decreases, Figure 4.27. The dif-
ferential head when Q = 0 is called “shut-off head” or “closed
valve head” and in the case of a centrifugal pump with a stable
pump curve is the highest pressure the pump can produce. The
unstable part of the curve can cause difficulties due to the fact
that the point of interception with the system curve is not clearty
definable in some cases. Unstable pump curves are therefore
undesirable and are usually avoided when the friction losses in
the system are small and when a number of pumps are operat-
ing in parallel.

Depending upon the slope of the H-Q curve, a distinction is
made in theoretical considerations between steep and flat
curves. As a measure of this slope, the equation Hna/Ho, is
evaluated for the differential head at optimum BEP and closed
valve, as shown in Figure 4.28.

When drawing a H-Q curve the choice of scales can cause the
same pump curve to appear to be flat or steep. Choice of an op-
erating point to the right or left of the flow at best efficiency, Q, in
Figure 4.28, determines in practice if the curve, together with a
piping system will function as a steep or a flat pump curve.

Parallel pump operation can be very difficult, especially when
the system curve is mostly static pressure and there is little pipe
friction, such as in boiler feed pumps. Experienced users spec-
ify a minimum value, percentage head, for the slope of the H-Q
curve between the duty point and closed valve.

Shut-off head Hl  Unstable pant of curve
( (zero discharge)
Stable Q Unstable Q
Figure 4.27 Stable and unstable pump curves
H H
Hmax
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\
|
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Figure 4.28 Flat and steep pump curves for centrifugal pumps
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Figure 4.29 Rotodynamic pump curves relative to the BEP

The many varieties of rotodynamic pump — centrifugal pumps,
mixed-flow pumps, axial pumps; have performance curves
which differ greatly in appearance as shown in Figure 4.29. An
increased specific speed gives an increasingly steep H-Q
curve whilst the power curve alters from rising to decreasing
with the flow.

The shape of the power curve is, together with variations in the
flow, the determining factor for the size of the driver. In the case
of axial pumps, see Figure 4.29, the greatest power require-
ment is when the flow is zero, which can mean that the pump's
starting conditions must be adapted to this fact. The power re-
quirements which are given in pump catalogues, unless other-
wise stated, refer to liquids comparable with cold water, i.e. with
adensity of 1000 kg/m?and a viscosity of 1 cP approximately.

In the case of liquids having different densities and viscosities
from that of water, the use of the unit “m” for differential head
can cause misunderstandings. “m” stands for “metres of liquid
column”. If reference is made to “metres of water column” it is
usually written “m H,0” to avoid confusion. The reason for this
confusion is that pumps give the same differential head in me-
ters liquid column (m), irrespective of the density of the liquid.
The pump's power requirement, and discharge pressure, is on
the other hand proportional to the density. For densities differ-
ent from that of water the power requirements and discharge
pressure quoted in the purchase order always relate to the lig-
uid stated. When pumping liquids which differ from water, the
manufacturer should state how the pump will perform, on test,
with water.

The standards for acceptance testing of rotodynamic pump
performances is covered by various current national and inter-
national standards, for further details see Chapter 17, Section
17.1.9 and Chapter 12. The manufacturers' guarantees relate

Differential head Power requirement

New pump Wom pump

New pump

Volume flow Q Volume flow Q

Figure 4.30 The effect on performance of wear in seals and clearances
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New pump New pump

Volume flow Q Volume flow Q

Figure 4.31 The effect on performance of wear on pump blades

to an installation designed and built to recognised standards
and sound engineering practice. An unsuitable design of,
above all, the inlet pipe in an installation can reduce the pump
performance and cause severe operational problems.

A pump's performance falls off with wear of the pump parts.
This wear occurs both at the internal and external seals and at
clearances, affecting the internal and external leakage, see
Figure 4.30; and at the blades, decreasing the blade work, see
Figure 4.31. ltis very difficult to give a limit for the extent of wear
but reductions in delivery head of the order of 10% during the
pumping of clean liquids are, however, possible.

The performance of pumps falls off rapidly with increasing vis-
cosity of the pumped liquid. This reduction expresses itself in
such a manner that the H-Q curve falls but shut-off head is re-
tained. The power requirement rises considerably due primarily
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Figure 4.32 The effect of viscosity on a small centrifugal pump N = 11, dis-
charge connection 50 mm. Max efficiency falls from approx 50% to approx 5%
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Figure 4.33 Viscosity corrections for small centrifugal pumps

to the increase of impeller friction. Figure 4.32 shows typical ex-
amples of the reduction in performance for smaller centrifugal
pumps.

Figures 4.33 and 4.34 show correction factors, in USgpm and
feet, for large and small centrifugal pumps. These graphs are
based on testing carried out by Stepanoff of the former
Ingersoll-Rand and are reproduced by permission of Flowserve
Corporation. For further details see Chapter 15 on pump selec-
tion. PD ISO/TR 17766:2005 uses the Stepanoff data to pro-
duce a mathematical correction factor method. PD ISO/TR
17766:2005 gives performance corrections for all worldwide
designs of centrifugal pumps of conventional design, in the nor-
mal operating range, with open or closed impellers, single or
double suction, pumping Newtonian fluids.

4.2.3 Classification of rotodynamic pumps by hy-
draulic design

4.2.3.1 Impeller

The impeller, together with the casing, constitute the most criti-
cal parts in a rotodynamic pump. The shape of the impeller is
determined by a combination of factors: flow, differential head
and speed. These three parameters are used to define the spe-
cific speed in accordance with equation 4.15, in Section
4.2.1.5.In principle all pumps with the same specific speed can
be geometrically similar. The variation, in practice, is due to dif-
ferent design techniques and manufacturing methods for smail
and large impellers and also the effect of surface roughness.

=]
<
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I
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HEAD N FEET

CAPACITY IN 100 GPM

Figure 4.34 Viscosity corrections for large centrifugal pumps

Experience teaches the hydraulic designer how the impeller
should be shaped in order to obtain the greatest efficiency and
suitable curve shape. The pump is named according to the flow
path through the impeller, such as: centrifugal, mixed flow and
axial, see Figure 4.35. There are an unlimited number of inter-
mediate impeller shapes to those shown in order to meet every
performance requirement.

Two impellers can be manufactured as one for parallel opera-
tion, two single stage impellers back-to-back, a double suction
impeller as shownin Figure 4.35. Adouble suction pump should
have a lower NPSHr than an equivalent single suction pump.
For liquids contaminated with solids or sewage and where pro-
duction must be simplified due to manufacturing problems of
the tough materials used, the design principle of “greatest pos-
sible efficiency” is discarded and the impeller is given a much
simpler shape. A distinction is made in theory between closed,
semi-open and open impellers as well as special shapes for
contaminated liquids. See aiso “non-clogging” pumps.

4.2.3.2 Multi-stage pumps

The efficiency of pumps is dependent upon the specific speed,
as shown in Figure 4.36. Single stage pumps, required to pro-
duce high differential heads or handle low flows will have low
specific speeds when calculated by equation 4.15. High differ-
ential heads can be produced by using several low head impel-
lers in series. The specific speed will now be higher because
the flow is the same as before but the differential head per im-
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peller is smaller. A multi-stage pump consists of several similar
impellers working on the same liquid consecutively. Doubling
the number of impellers increases the specific speed by 2075 =
1.68. The following efficiencies, for example, can be read off
from Figure 4.36 for a small pump:

Closed centrifugal impeller. The illustration on the right shows the impeller
with the front shroud removed

No of stages

N¢

Efficiency %

1

10.0

21

2

16.8

42

4

28.2

63

<

Closed mixed flow impeller. The illustration on the right shows the impeller

with the front shroud removed

Axial impeller (propeller)

T

Open centrifugal impeiler

Double suction mixed flow impeller
Figure 4.35 Examples of different impeller types
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Figure 4.36 Pump efficiency as a function of specific speed
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The range of application of multi-stage pumps for delivery
heads over 50 and up to 100 m, is, as a general rule, dependent
upon the flow and speed.

4.2.4 Classification of rotodynamic pumps by ap-
plication

In addition to a classification in accordance with different hy-
draulic designs, it is practical to apply a classification for differ-
ent areas of application. Within each such area, there are spe-
cial design and construction features dependent upon the:

o Liquid properties

* Allowable leakage

o Driver type

¢ Installation arrangement
¢ Allowable noise level

¢ Operational safety

The rotodynamic pump Sections 1.3 and 1.4 of Chapter 1
should be studied individually to assist in the selection of the
appropriate pump. These pump types have been classified ac-
cording to detailed technical and marketing considerations.

4.3 Positive displacement pumps

4.3.1 Rotary positive displacement pump theory
Basic principles

One of the simplest rotary pumps, and probably the easiest to
understand, is the external gear pump, see Figure 4.37. One
gear is driven by an external power source, the other meshes
with the driven gear. The gears are enclosed in a close fitting
casing. Theradial clearance around the gear teeth is controlied
by machining; the axial clearance down the sides of the gearsis
usually controlled by shimming during assembly. Clearance is
necessary to avoid seizure during operation. The axial clear-
ance is also necessary to allow lubrication.

Suction
<+ - - —

Figure 4.37 Diagrammatic external gear pump
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Liquid is carried around the periphery of the casing in the voids
between the teeth. The theoretical flow is given by:

Q, =0.001xa xw x(2 xN) xrpm/60 Equ4.24
where:

Qun = theoretical flow {cc/s)

a = area between teeth (mm?)

w = tooth width (mm)

N = number of teeth in each gear

rom = speed (1/minute)

Equation 4.24 applies to gear pumps where identical gears are
used; this is not essential for gear pump designs but it is the
most usual. Theoretical flow cannot be realised in practice.
Leakage occurs directly from discharge to suction where the
gears mesh; this leakage can be very small and is dependant
upon the tooth form and the clearance. Most leakage occurs
around the periphery between the tips of the teeth and the cas-
ing. This leakage is complex to analyse but approximates as
follows:

o differential pressure
o« gear width

~oc tip clearance®

o 1u

oc 1/N

oc 1/gear tip length

~cr 1/function of tip speed

Gear pumps rely on viscosity to reduce leakage. As viscosity
reduces the leakage becomes a greater proportion of the theo-
retical flow. The gear pump characteristic shownin Figure 4.48
in Section 4.3.3 indicates the effect of speed, viscosity and dif-
ferential pressure. Leakage is reduced at higher speeds for
constant viscosity and differential pressure.

A popular light oil grade for centrifugal pumps with rolling bear-
ings is ISO 32. At 20 °C these oils would have a viscosity of 85
mm?/s. Water has a viscosity about 1 mm?/s. It can easily be
seen in Figure 4.48 how the leakage losses escalate as less
viscous liquids, more like water, are pumped.

The mechanical efficiency of gear pumps is controlled by sev-
eral mechanisms and assumptions should not be made when
calculating power required. At low viscosities the efficiency
tends to improve with increasing speed. At high viscosities the
efficiency may be constant or reduce with increasing speed.
The distinction between high and low viscosity is a function of
pump size. Mechanical efficiency usually increases as the dif-
ferential pressure increases. Small pumps can have efficien-
cies of 25% and large pumps 70%.

Because gear pumps have multiple pumping elements, for ex-
ample, the teeth, the flow pattern may have a slight ripple which
can cause pressure pulsations. Pumps with few teeth are
worst. Tests by Professor Edge, of Bath University, have indi-
cated peak-to-peak pressure pulsation levels of 3.25 bar with a
mean suction pressure of 3 bara.

Wear in rotary displacement pumps

The internal leakage varies as the cube of the clearance be-
tween the rotating components and the casing. Displacement
pumps are thus susceptible to increased clearances due to
wear. Displacement pumps used for “abrasive” liquids are con-
structed from wear-resistant materials and operated at lower
speeds. Exceptions to these guidelines can be made by utilis-
ing principles of construction which eliminate leakage by the
use of an elastic element, peristaitic pumps, for example.

Considering elementary principles, wear is a function of:

e Surface pressure between components
¢ Relative rubbing speeds between components
¢ Adependance upon the coefficient of friction

or with more usual wear theory, the combination of surface
pressure and rubbing speed, PV.

The heat produced per unit of surface area is dependant upon
PV and the coefficient of friction and can be a significant factor.

The technique of creating wear-resistant rotary pumps is con-
cerned with reducing the product PV. Low values of velocity
can resultin large pumps, the only solution then is to reduce the
surface pressure.

The driving force for rotary pumps can be transmitted to the var-
ious components in different ways. In the case of gear pumps
the external drive is normally applied to only one of the gears,
while the other is driven by engagement with the gear teeth of
the first. However, if both the gears are driven externally, the
load relationship within the process liquid is completely differ-
ent. It is necessary to synchronise the shafts by means of a
separate synchronising gear so that the teeth pass within each
other when rotating without contact. The surface pressure be-
tween the interactive gear components is thus reduced to nil.
The shape of the interactive gear surfaces can now be chosen
with regard to the pumped fluid. Instead of gear teeth, the pump
elements can now be given smoother shapes or radically differ-
ent shapes, as in the case of lobe pumps and rotary piston
pumps, (see Chapter 1, Section 1.5.8).

Within the rotary pump group there is a special “family” of
pumps whose interactive components are guided by external
devices as in the case of the lobe pump mentioned above.
Even pumps where the rubbing pressure is eliminated in other
ways also belong to this group. Examples of such pumps are
rotary piston pumps and twin screw pumps. (See Chapter 1,
Section 1.5.4))

With the rubbing pressure eliminated or greatly reduced the
duty range can be increased. Depending upon other design
features, this range of application can be extended to contami-
nated liquids, low viscosity, some dry-running capability or high
speed.

Rotary pumps suitable for abrasive liquids should be con-
structed according to the following:

¢ The active components should be positively located by ex-
ternal means or have greatly reduced sliding pressure.

e The forces generated on the pumping elements by the lig-
uid pressure should be absorbed by bearings which are not
in contact with the liquid.

4.3.2 Reciprocating positive displacement pump
theory

The theoretical principles of positive displacement pumps are
basically very simple. For each working cycle, each stroke, a
certain volume of liquid is drawn into and expelled from the cyl-
inder virtually irrespective of the differential pressure. The vol-
ume of liquid depends upon on the displacement (swept vol-
ume) and the volume of the cylinder. The maximum attainable
pressure is primarily dependent only upon the mechanical con-
struction and the driving power available. The maximum pres-
sure can be limited by means of a pressure relief valve installed
in the system or integrated in the pump. Because reciprocating
pumps can develop such high pressures they must always be
operated with over-pressure protection. A relief valve or burst-
ing disc must be fitted. In hydraulic power applications it has
become standard practice to incorporate the over-pressure
protection with other functions, such as unloading, by using a
common pilot-operated valve. In process applications this ap-
proach would not be tolerated; a dedicated device must be fit-
ted solely for protection.
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Stroke

—=] |
Diameter Clearance

Figure 4.38 Basic reciprocating pump

Consider the single cylinder pump shown in Figure 4.38. Ignor-
ing leakage and compressibility, the ideal flow delivered is cal-
culated from:

Q, = 0.001 x displacement x n/60

and
displacement = s x nd?/4 Equ4.25
where:
Qun = theoretical flow (cc/s)
= strokes per minute (1/minute)
d = piston diameter (mm)
S = stroke (mm)

The displacement of the piston establishes the name of the
pump type, positive displacement. Displacement is also called
swept volume as it is the volume swept out by the face of the
piston.

The ideal power required for the pump is given by:

Fo = Q x (P~ P, ) Equ4.26
where:

P = ideal power (W)

Qn = ideal flow (m%s)

Pd = discharge pressure (gauge) (Pa)

Ps = suction pressure (gauge) (Pa)

Equation 4.26 is not very useful for engineering applications.
The Pascal is an extremely small unit of pressure, the kPa is
very small. In order to avoid confusion at site, where suction
pressure gauges may be calibrated in kPa and discharge
gaugesin MPa, the pump industry prefers to use the “bar”. 1bar
= 100kPa. The following equations are more practical.

3
36
KW = %ﬂ Equ4.28

The ideal power is based on ideal flow. This Section on theory
commenced by excluding leakage and compressibility. Obvi-
ously real pumps leak and real liquids are compressible. Com-
pressibility is the easiest to tackle.

It can be seen from Figure 4.38 that the piston stroke does not
extend right to the end of the cylinder. The volume of liquid
trapped in the cylinder, together with liquid compressibility, af-
fects the volumetric efficiency. The volumetric efficiency is the
ratio of the liquid volume pumped to the displacement of the pis-

ton. We have already seen that the discharge volume may be
smaller than the suction volume, this leads to two definitions of
volumetric efficiency — suction and discharge.

Equ4.29
(1-Apxx)
veD:100x(1—Apxxx[1—£D Equ4.30
VSW
Ve, =1oox[1-vim x[1—&J Equ4.31
sz pS
vey =100 x 1—((\/*"‘+\/5ij(1—'3~5) Equ4.32
Vow Po
where:
veg = suction volumetric efficiency (percentage)
vep = discharge volumetric efficiency (percentage)
Ap = differential pressure (bar)
X = compressibility (*)
Vi = clearance volume (cc)
Vsw = swept volume (cc)
Pp . discharge density of liquid (kg/m®)
Ps = suction density of liquid (kg/m®)

(*) the units for compressibility are “contraction per unit vol-
ume/bar differential pressure”.

Compressibility is the inverse of the bulk modulus which has
units of N/m2. The bulk modulus of water at 20 °C from atmo-
spheric pressure to 100 barg is approximately 2.1 x 10* bar.
The presence of entrained and dissolved gas or air in the liquid
increases the compressibility and reduces the volumetric effi-
ciency.

The formulae for volumetric efficiency indicate the importance
of keeping the clearance volume as small as possible. Also the
volumetric efficiency reduces as compressibility increases. At
low differential pressures the compressibility of water can be
used for most other liquids without creating significant errors.
Some liquids are much more compressible than water, liquid
gases for example can be six times as compressible, and using
water compressibility will create problems of undersizing and
low flow.

Leakage further reduces the actual liquid volume delivered by
the pump. The term “slip” is used to collect together ail the lig-
uid losses which can be evaluated and those which must be
compensated by an experimental allowance. Slip is evaluated
as a percentage and subtracted from the volumetric efficiency.

Because there is a clearance around the periphery of the pis-
ton, leakage can occur due to the pressure rise within the cylin-
der; this leakage can be approximated from:

3
d Xh X Ap

Q =0.00156 x(a) " Equ4.33
where:

Q = leakage flow (cc/min)

d = cylinder bore (mm)

CL = contact length (mm)

h = clearance (mm)
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differential pressure (bar)

Ap

m viscosity (cP)

As the piston and cylinder wear the leakage rate rises dramati-
cally. The liquid viscosity may be lower in the clearance due to
frictional heating. This leakage is fairly constant and independ-
ent of pump speed, strokes per minute.

The valves shown diagrammatically are spring-loaded auto-
matic valves. The differential pressure across the valve, in the
direction of flow, opens the valve and liquid flow forces hold the
valve open. As the flow reduces the valve starts to close due to
the spring force. The pressure losses and leakage through
valves of this generic type are impossible to generalise due to
the infinite range of proportions and shapes. However, the fol-
lowing relationships can be used for guidance:

¢ For fixed valve lift
Ap xQ
ap
e For fixed flow
Apocm
o )/lift?

One valve loss, particularly troublesome at high speed, is valve
backflow. Automatic valves are closed by the spring; the spring
applies a force to the mass of the valve and the valve acceler-
ates. Athigher speeds, there is insufficient time for the valve to
close, unless a stronger spring is fitted. The valve remains
slightly open when the piston travel has reversed allowing
some liquid to escape. After inception, this loss varies with
speed and is almost linear.

Some pumps are fitted with actuated valves, or valve timing is
incorporated in the rotating cylinder block of hydraulic pumps.
These valves are usually rotary and driven directly by the main
shaft. The valve timing is optimised for the design conditions.
Operating at other conditions causes backflow or over-com-
pression.

Valve flow losses are complicated because the liquid flow is ap-
proximately sinusoidal. The reciprocating pumps described
here are usually used for hydraulic power applications. The lig-
uid is oil or water-oil emulsion providing good lubrication for the
close fitting piston. The pumps are axial or radial piston. The
pistons are driven by a mechanism which produces simple har-
monic motion. The piston dynamics, sine and cosine functions,
are shown in Figure 4.39.

The liquid is unable to follow the piston dynamics exactly due to
inertia. The liquid inertia causes the liquid to accelerate and de-
celerate faster than the piston, causing pressure pulsations.
Liquid flow variations and pressure pulsations caused by recip-

i i i
‘Displacement |

S S

'

S S

_ | Acceleration |

0 60 120 180 240 300 360
Crank angle degrees

Figure 4.39 Simple harmonic motion piston dynamics

rocating pumps can not be approximated easily as they are a
function of the system as well as the pump. In critical applica-
tions, and with low viscosity liquids, an acoustic analysis should
be performed which will evaluate pressure pulsations, flow vari-
ations and acoustic resonance.

Two variations of reciprocating pump design used for process
applications where the liquid may not have good lubricating
properties, are shown diagrammatically in Figure 4.40. The
plunger pump is single acting whereas the piston pump is dou-
ble acting.

The reciprocating motion is produced by a crankshaft with con-
necting rods and crossheads, the slider-crank mechanism.
There is no side thrust applied to the piston or plunger from the
driving mechanism, this is applied by the crosshead to the
crankcase. The length of the connecting rod compared to the
throw of the crankshaft is important because it affects the pis-
ton/plunger dynamics and the crosshead side thrust. The sine
and cosine functions of simple harmonic motion are modified
by connecting rod proportions as shown.

x = 1(1- Cost) + (11 -sin’0) Equ4.34
vV = or| Sino + W Equ4.35
V1-2%8in’0
M 1- Sin?e( 2 -2°Sin’8
a = o’r| Cosf+ ( e( )) Equ4.36

(1-sin’e)’”*

where:
X = travel (m)
v = velocity (m/s)
a = acceleration (m/s/s)
r = crank throw (m)
| = connecting rod centres (m)
® = angular velocity (rad/s)
by = r/l (non-dimesional)
0 = crank angle (degree)

The three parameters are plotted in Figure 4.41, for A=0.25,
alongside the simple harmonic motion curves. Notice that the:

¢ Curve shapes are modified

e Maximum velocity is not at 90 °

-
=

Figure 4.40 Process plunger and piston pumps
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Figure 4.41 Travel, velocity and acceleration of slider-crank mechanism

e Forward and return acceleration is different
o Maximum acceleration is greater

Having an infinitely long connecting rod produces simple har-
monic motion. In practice, connecting rods are 4 to 7 times the
crankshaft throw.

A plunger pump is very similar to the piston pumps described
previously for hydraulic fluid power except a stationary sealing
stuffing box prevents most leakage. The piston pump shown is
double acting and has moving seals on the piston as well as a
stationary sealing stuffing box. The prime distinction between
piston and plunger pumps is the absence of moving seals in the
plunger pump. Plunger pumps are not a type of piston pump.

Piston pumps are used for pressures up to about 150 barg and
plunger pumps for higher pressures. There is no absolute limit
on plunger pumps, 10000 barg is possible, but popular pumps
operate up to 1200 barg. In Chapter 1, Figure 1.90 shows a pis-
ton pump for about 25 barg and Figure 1.91 shows a plunger
pump for about 350 barg . Figure 1.92 shows a plunger pump
built as vertical pump.

The stuffing box prevents leakage of process liquid to the atmo-
sphere. Simple seal designs are used for non-hazardous lig-
uids such as water and ethylene glycol, Figure 4.42. Hazard-
ous liquids; petrol, methanol, LPG; or liquids contaminated with
hazardous gases like hydrogen sulphide, can use very compli-
cated stuffing boxes depending upon the location, Figure 4.43.

Auxiliary systems can be fitted to stuffing boxes, see Section
8.5, in Chapter 8.

Reciprocating pumps for process applications can be fitted with
various valve designs to suit the liquid handled, Figure 1.96,
Chapter 1.

Mechanical losses

Reciprocating pump crankcases and actuating mechanisms
are designed to exert a specific force on the piston or plunger,
the rod load. Pumps are selected so that they operate as close
to the design rod load to minimise mechanical losses. Different
piston/plunger diameters are fitted to match the operating pres-
sure. Figure 4.44 indicates the effect of discharge pressure on
a 3" stroke plunger pump, with a fixed plunger diameter and a
simple single packed stuffing box as shown in Figure 4.42.

At pressures below the design pressure, friction becomes a
more significant influence and reduces the mechanical effi-
ciency. In general, the mechanical efficiency of reciprocating
pumps is not affected by pump speed or viscosity. Larger
pumps may be more efficient; pumps of 1000 kW can have a
mechanical efficiency of 94% at design pressure. Complicated,

Figure 4.42 Non-adjustable stuffing box for water

Figure 4.43 Self-adjusting stuffing box for hazardous liquids

multi-seal stuffing boxes increase friction and reduce the me-
chanical efficiency.

Wear in reciprocating pumps

The main wearing parts in reciprocating pumps are piston
seals, stuffing box packing and valves. Wear in stuffing box
packing produces an external leak which operators or mainte-
nance staff can recognise and act upon. Wear in piston packing
and valves produces internal leaks, increased slip, and can
only be detected as a reduction in pump flow.

Reciprocating pumps can handle liquids contaminated with sol-
ids. The Miller Number should be evaluated. Piston pumps in
standard materials are adequate for Miller Numbers up to 50.
Above 50, severe wear problems may occur. Plunger pumps
can handle the most abrasive liquid/solid combinations by run-
ning at reduced speeds, using ball valves and flushing the stuff-
ing box to protect the packing.

Both piston and plunger pumps can be modified for solids han-
dling by introducing a diaphragm to completely isolate the re-
ciprocating driving element from the process liquid. Diaphragm
pumps without pistons or plungers are also possible. Dia-
phragms can be driven directly by another fluid, liquid or gas,
which has timed control valves to regulate the motion.

Flow and pressure pulsation

For many positive displacement pumps the flow varies during
the period of the working cycle. Extreme examples of flow vari-
ation occur in single and twin cylinder reciprocating pumps, see
Figure 4.45.

During a working cycle the instantaneous flow varies, to a
greater or lesser extent, for most positive displacement pump
types. In order to reduce variations in flow it is possible to in-
crease the number of cylinders or elements or to provide pulsa-
tion dampers at the suction and discharge connections. These
can be filled with air/gas or equipped with air cushions or
springs separated from the liquid by an elastic membrane. The
size of the flow variation is an important feature, which unfortu-
nately cannot be easily specified by the manufacturer. The flow
variation, and the resulting pressure pulsations, are a function
of the pump design, the liquid properties and the installation de-
sign. The same pump will have different characteristics in a dif-
ferent installation.

Flow variations and pressure pulsations measured during fac-
tory testing will not be representative of values experienced at
site, unless the pipework and liquid conditions are identical.
Flow resistance in a test rig consists largely of throttling losses
in control valves i.e. with a resistance varying as the square of
the flow. Dampening in rubber hoses for example, also has
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Figure 4.44 Discharge pressure and mechanical efficiency

considerable influence. If flow variations and pressure pulsa-
tions are critically important for an installation, then a computer
simulation, analogue or digital, must be performed of the com-
plete system to verify instantaneous flow and pressure values
together with sources of acoustic resonance.

NOTE: The flow variations shown in Figure 4.45 are based on
an incompressible liquid, an ideal pump and no suction
or discharge systems. These conditions cannot be re-
produced in practice. Flow diagrams of this type are
purely indicative and very approximate. No practical
data can be derived from such diagrams and no useful
calculations can be performed for flow variations, pres-
sure pulsations or pulsation damper sizing.

The minimum flow for single and twin cylinder pumps is
zero so the total flow variation is 100%. Screw pumps
have flow variations of a few percent. Pressure pulsa-
tions caused by flow variations are the primary cause of
noise and vibration in positive displacement pump pip-
ing. In the case of gear pumps for example, it is very
easy for a small volume of liquid to become trappedina
pocket at the moment of gear contact, the volume of
which changes during the course of rotation. This gives
rise to harsh running and high noise levels. The prob-
lem can be considerably reduced by introducing a
slight helix angle on the gear; by providing relief
grooves in the side plates or by increasing the side
clearance.

4.3.3 Positive displacement pump curves

Figure 4.46 shows a positive displacement pump curve drawn
in the same manner as a rotodynamic pump curve. Little de-

VY
A

Time -->

Flow -->

Flow >

Figure 4.45 Flow variation of single and twin cylinder single acting
reciprocating pumps

tailed information can be gained from the curve and two curves
must be drawn separately to show the power relationship.

if curves are drawn it is better to plot the discharge pressure
along the abscissa. This then conforms to mathematical stan-
dards; the abscissa being the independent variable. Flow,
power and mechanical efficiency can be plotted on the same
curve, see Figure 4.47. For sensible flow information to be re-
trieved an expanded scale must be used and zero flow is not
necessarily shown. The characteristic curve of flow v pressure
may not be linear. Compressibility and slip effects may be more
pronounced at higher pressures. Curves for different speeds
may not be the same shape. When various liquids are pumped,
or operating conditions vary, additional curves may be required.
For fixed speed pumps with a single duty point, tabulated data
is preferred.

Figure 4.48 shows the change in fixed speed pump flow result-
ing from changes in differential pressure and liquid viscosity for
an external gear pump. Itcan be seen that the reduction in flow
is very small for relatively large changes in differential pressure
and is affected by the liquid viscosity.

As mentioned earlier, viscosity and speed can play an impor-
tant role in the performance of rotary pumps such as gear
pumps. Figure 4.49 indicates the speed, viscosity and differen-
tial pressure effects on a gear pump.

To make pump selection easier performance curves can be
drawn differently.
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Figure 4.48 The effects of slip on gear pump flow

Figures 4.50 and 4.51show the curves for a lobe pump for two
different viscosities.

4.3.4 Types of positive displacement pumps

Rotary positive displacement pumps are generally self-priming
i.e. they can begin pumping with a “dry” suction pipeline and
pump casing. Reciprocating positive displacement pumps are
self-priming, in theory, although they tend to be poor compres-
sors. In general, reciprocating pumps should be vented and
primed prior to operation unless the manufacturer specifically
states that self-priming is allowable.

All positive displacement pumps can pump a wide variety of lig-
uids of varying characteristics, from very low viscosity liquids to
very viscous pastes. The construction, application and pump-
ing characteristics of different types of displacement pumps
varies considerably however. 1t is therefore necessary to un-
derstand thoroughly the specific characteristics of each type of
pump in order to be able to determine the suitability of a particu-
lar pump for a particular application. Gear pumps are not suit-
able for abrasive liquids for example. A progressive cavity
pump with its flexible stator is more suitable. If the discharge
pressure is relatively high a vane pump with flexible vanes is
unsuitable, a gear pump or piston pump being a better choice.

The specified volume flow per working cycle is relatively con-
stant and reduces insignificantly for moderate pressure in-
creases. Liquids with high compressibilities, liquid gases,
should always be evaluated for density changes. Control of the
flow should be carried out by increasing or decreasing the
pump speed. The flow can also be controlled by arranging a
by-pass between the discharge and suction source. Do not,
however, attempt to throttle the discharge in order to reduce the
flow, as in the case of centrifugal pumps. This results in in-
creased pressure, increased power consumption and in-
creased loads on the working components, without significantly
reducing the flow.

Serious damage and injury to personnel can occur if the pump
discharge should become completely blocked, by the closing of
avalve for example. The pressure will increase rapidly and can
become so great that it causes failure of pipelines and other vi-
tal components. A dedicated pressure relief device should al-
ways be fitted as a safety precaution. The opening pressure of
which should be selected so as to provide a good margin of
safety for the protection of the system and its components.

A certain amount of internal leakage (slip) is always present in
displacement pumps, this is due to the clearance between the
working elements and inefficiencies of internal valves. The
clearance can be of the order of 0.01 to 0.9 mm and is neces-
sary in order to counteract galling and to reduce friction within
the pump. Leakage occurs from the discharge side back to the
suction side, i.e. against the direction of flow. The amount of
slip, which reduces volumetric efficiency, varies greatly accord-
ing to the type of pump construction. A progressive cavity pump
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Figure 4.49 The effect of viscosity, speed and dp on a smalt gear pump
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Figure 4.51 Performance curve for the lobe pump in Figure 1.70, Chapter 1, on
liquid at 100 ¢St

with its long rotor and effective sealing rubber stator has less
slip than a conventional gear pump having only line contact be-
tween the gears. The pumped liquid, if it is sufficiently viscous,
can help to “seal” the clearances and reduce internal leakage.

Positive displacement pumps should not be installed to make
use of their maximum suction lift capacity. Pump wear is un-
avoidable and this means that in time, the maximum suction
performance will be reduced. This means that the pump loses
its priming ability with subsequent loss of its pumping function.
Unnecessary service costs are thus incurred in order to con-
stantly maintain the pump in an “as new” condition.

144

obert Du

1am (rdurham@theway

T

PUMPING MANUAL International

LIBERTY EXHIBIT 1014, Page 174



4 Pump theory

4.3.5 Classification of positive displacement
pumps by application

As discussed in Section 4.3.4, there are many types of positive
displacement pumps. The rotodynamic pump, Sections 1.3
and 1.4 of Chapter 1, should be studied individually to assist in
the selection of the appropriate pump. These pump types have
been classified in accordance with their mode of operation.

NOTE: Reciprocating pumps for hydraulic power applications
usually have no seals and rely on the pumped liquid for all lubri-
cation. Reciprocating pumps for process applications do not
rely on the pumped liquid for any lubrication. Process pumps
can be used for hydraulic power applications.

4.3.6 Classification of other pump types by applica-
tion

As mentioned in Sections 4.2.4 and 4.3.5, the ‘other pump'
types in Section 1.6 of Chapter 1, should be studied individually
to assist in the selection of the appropriate pump. These pump
types have also been classified in accordance with their mode
of operation.

4.4 Suction performance
4.4.1 Cavitation

The word cavitation originates from the Latin meaning “hollow”.
Cavitation occurs when the static pressure somewhere within
the pump falls to or below the vapour pressure of the liquid.
Some of the liquid then vaporises giving rise to the formation of
vapour bubbles. These vapour bubbles are entrained in the lig-
uid and transported until they reach an area where the static
pressure is greater than the vapour pressure.

At this point the vapour bubbles implode since they can no lon-
ger exist as vapour. Each implosion causes a severe pressure
wave. The continuous repetition of this sequence of events oc-
curring many times and at high frequency can cause mechani-
cal damage to the pump materials. Furthermore, the hydraulic
performance of the pump is reduced by the onset of cavitation.
Cavitation is therefore an undesirable phenomenon and shouid
be avoided.

The severity of cavitation damage is related to the thermody-
namic properties of the liquid and the pump operating condi-
tions. The important factors to consider are:

e Latent heat of vaporisation

e Differential pressure

¢ Rate of pressure rise

e Volume of liquid in component
e Volume of vapour

+ Material of component

o Time of exposure

Water tends to be the worst liquid for cavitation damage be-
cause the latent heat of vaporisation is large compared to other
liquids. The time of exposure is very important. If a pump
cavitates for a few seconds during start-up the reliability and
performance may not suffer noticeably. If a pump operates with
cavitation for hours the likelihood of damage is increased. Fig-
ure 4.52 shows mild cavitation damage on a centrifugal pump
impeller vane. Figure 4.53 shows severe cavitation damage to
a centrifugal pump impeller.

Figure 4.54 shows cavitation damage on a reciprocating pump
valve. The damage is very unusual because it is on the outside
of the seat taper. The valve was probably dislodged by the
forces generated by the cavitation and then the damage oc-
curred due to the high velocity liquid flowing around the seat.

Figure 4.54 Cavitation damage on a reciprocating pump valve

The risk of cavitation is greatest where the pressure within the
pump is lowest. The lowest pressure in a centrifugal pump oc-
curs on the suction side of the impeller blades, slightly down-
stream of the front edges where the liquid has started to accel-
erate, see Figure 4.55. At the pump’s inlet connection at the
same elevation as the shaft the pressure is somewhat greater,
by Ap. At this point, which lies at the static suction head hs
above the liquid free surface, the flow velocity is ¢;. By applying
Bernoulli's equation, see equations 3.4 and 3.5, in Chapter 3,
the flow through the suction pipe is:

2

c
P, = P; —ph, —pghy, —p—- Equ4.37
pmin = ps - Ap Equ 4.38

where:

Pmin = lowest pressure within the pump (N/m?)
Ps = suction pressure (N/m?)

local pressure reduction (N/m?)
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p{‘. un

Ps

Figure 4.55 Cavitation model

Cs = Flow velocity in inlet pipe (m/s)

hs = Static suction head (m)

hss = Friction losses in suction pipe (m)
Pa = Pressure on liquid surface (N/m?)

Ap covers any losses within the pump, after the suction connec-
tion, such as velocity increases or friction losses.

Positive displacement pumps require a corresponding pres-
sure differential, Ap above vapour pressure, in order to avoid
cavitation within the pump. The lowest pressure in a pump is
determined partly by external factors such as suction pressure
and partly by factors concerned with construction and design.
The latter consists of the local pressure drop Ap and the flow ve-
locity at the inlet connection c. In order to avoid cavitation it is
necessary to ensure that pmin is greater than the vapour pres-
sure of the liquid p,.

4.4.2 Net Positive Suction Head and Net Positive
Inlet Pressure
The concept of NPSH, Net Positive Suction Head, is encoun-

tered in connection with cavitation in rotodynamic pumps . The
definition of NPSH is as follows:

NPSH = suction pressure - vapour pressure

NSPH = Pa—Pr
pg

In this context the suction pressure is the pressure at the NPSH
datum. For rotodynamic pumps the NPSH datum is the shaft
centre-line, except for vertical pumps when it is the front face of
the impeller, see Figure 4.56.

Equ4.39

In some cases when purchasing a new pump, the user will not
know where the NPSH datum is going to be. In these cases, the
NPSHa and the suction pressure should be referred to the top

27
4

Figure 4.56 NSPH datum for rotodynamic pumps
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of the foundations. NPSH is a differential head, therefore the
pressures are converted to metres of liquid when required.

Some textbooks state that NPSH refers to the suction total
pressure, the suction stagnation pressure. This makes life very
complicated. The pump suction pressure is the static pressure;
head has been deducted to produce the velocity head of the
flowing liquid. This is the value to which the pump differential
head is added. It does not make sense to calculate a different
suction pressure, the stagnation pressure, for NPSH purposes.

NPSH has two forms:
e The system form
e The pump form

The system form is designated NPSHa, Net Positive Suction
Head Available. NPSHa is calculated from the suction system
configuration and is the suction pressure minus the vapour
pressure at the NPSH datum. NPSHa tells the pump manufac-
turer how much Ap is available for losses in the pump suction.

The pump form is designated NPSHr, Net Positive Suction
Head Required. NPSHr is a characteristic of the pump and
specifies how much Ap is necessary for losses in the pump suc-
tion.

NPSHa and NPSHFr are the difference between two pressures
or heads; there is no requirement to specify gauge or absolute.

Both forms of NPSH are variables, not constants. Both are a
function of flow. In a fixed suction system configuration, NPSHa
will increase as flow is reduced because friction losses and the
velocity head requirement are reduced. Conversely, NPSHa
will reduce as flow increases because the same losses in-
crease. NPSHrfor a pump is predicted during the design phase
and confirmed by testing. NPSHr increases with flow and, at
some point, increases as flow is reduced.

Rotodynamic pumps are optimised for a specific operating con-
dition; flow and differential head; the Best Efficiency Point
(BEP). When operating at other conditions parasitic losses in-
crease and blade/liquid angles are mismatched. As flow is re-
duced below BEP angular mismatch increases. At a certain
point, the losses created by mismatch become larger than the
gains produced by reduced friction losses and NPSHr in-
creases, see Figures 4.12 and 4.13.

in an ideal world, the NPSHr value for a pump would signify the
initiation of cavitation. However it is extremely difficult, if not im-
possible, to detect the first indications of cavitation. Because of
this problem various criteria have evolved as bench-marks for
defining cavitation. The most popular definition is for 3% head
loss. The pump is tested at constant flow and the suction pres-
sure is reduced until the differential head has decayed by 3%,
see Figure 4.57. The NPSHr is calculated from the suction
pressure and the vapour pressure.

A complication to the 3% head loss criterion arises with
multi-stage pumps. 3% head loss of what ? Some manufactur-
ers use 3% of the pump differential head. In fact it should be 3%
of the first stage differential head as this is the only impeller

H
Q = constant

AH

NPSH; NPSH

Figure 4.57 Test determination of required NPSH, NPSHr
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which is cavitating. How strictly this requirement needs to be
enforced depends upon the size of the pump and how much
margin exists between NPSHa and NPSHr.

As mentioned earlier, other NPSHr definitions exist. Cavitation
causes damage due to the implosion of the vapour bubbles re-
sultingin a loss of performance and increased power consump-
tion. The concept of damage limitation was studied and a 40000
hour NPSHr criterion has evolved. If effect, the pump manufac-
turer guarantees that the pump will suffer no loss of perfor-
mance or require parts replacement due to cavitation damage
for 40000 hours of operation. This value of NPSHr is somewhat
greater than the 3% criterion and tends to be applied to large
pumps and pumps built of costly materials. Obviously, the
40000 hour criterion can not be applied to pumps which will suf-
fer extensive corrosion damage or be eroded by abrasive sol-
ids.

Acoustic measuring techniques have advanced during the past
few years and the general opinion is that cavitation produces a
distinctive noise at about 400 kHz to 500 kHz. This is obviously
outside the range of human hearing and detectors are required.
Devices are available which include detectors and suitable cir-
cuits to initiate alarms or trips. It is possible in the future that a
definition will be based on the strength of the cavitation signal.

NPSHFr is a function of pump speed. The Affinity Laws can be
used for small speed changes. The effect of impeller diameter
changes should be referred to the manufacturer.

4.4.3 Permissible suction lift
The permissible suction lift of a pump is controlled by:

e Liquid vapour pressure

Liquid density

e Pressure on the liquid surface
e Velocity in the pipe

¢ Friction losses in the pipe

e NPSHr of the pump

Equations 4.38 and 4.39 indicate the mathematical relationship
of the variables. P, must never fall below p, if cavitation is to
be avoided. Equation 4.37 can be rewritten in terms of p, and
NPSHr and rearranged to evaluate the limiting value of hg:

Equ4.40

where p, and p, are pressures and NPSHFr is in metres.

If the pump is drawing liquid from a vessel which is open to the
atmosphere then the maximum suction lift will vary with atmo-
spheric pressure. Atmospheric pressure varies, for example,
due to the height above sealevel. Thisis illustrated in Table 4.4.
The height of the barometer at sea level is assumed to be 760
mm Hg. Atmospheric pressure also varies according to climatic
conditions. At sea level the atmospheric pressure does not nor-
mally fall below 720 mm Hg, 960 mbar, 9.8 m H,0.

Height above ’ Atmospheric ‘ Millibar I Torr | Water
sea-level ’ pressure mbar i mm H | column
m Pascal Pa i 9 | m H,0
0 <j 1.013 . 10° [ 1013 | 760 | 103
e e —
1000 0.899 - 10° e ‘ 674 | 9.2
S U e S A
2000 0.795 . 10° LT | 596 1 8.1 |
N T T T
3000 0695 10° | 695 \ 521 7.1 I
; [ N

Table 4.4 The variations of atmospheric pressure due to height above sea
level (760 mm Hg at sea level)

Table 4.4 The variations of atmospheric pressure due to height
above sea level (760 mm Hg at sea level)
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Figure 4.58 Vapour pressure for water

The vapour pressure of a liquid is dependent upon tempera-
ture, and Figure 4.58 shows the vapour pressure for water at
various temperatures. When pumping warm water or hydrocar-
bons for example p, can be large. When pumping boiling liquids
the pump must be placed below the liquid free surface so that
static head will be greater than the losses in the pipework and
the NPSHr. Vapour pressures for a wide selection of liquids ap-
pear in Chapter 2, Section 2.6.2.

It should be noted that neither ISO or CEN have approved
steam tables for the properties of water. Care must be taken to
ensure all interested parties work to the same figures.

The losses in the suction pipe should be kept as low as is practi-
cally possible, since they have the effect of reducing the per-
missible suction lift for cavitation-free operation. The suction
line should be of large diameter, short and without unnecessary
bends, valves etc. Suction pipe losses and NPSHr vary with
flow. It is therefore important to know the minimum and maxi-
mum flow at which the pump is to operate and check for ade-
quate NPSHa.

Cavitation and NPSH have so far been explained in the context
of rotodynamic pumps. Positive displacement pumps have sim-
ilar phenomena and criteria although not identical.

Cavitation in positive displacement pumps causes a reduction
in flow rather than head or pressure. Any vapour bubbles which
form fill part of the displaced volume and reduce the fiquid ca-
pacity. The bubbles collapse when the pressure increases and
flow is reduced by the vapour bubble volume. The imploding
bubbles cause material damage as in rotodynamic pumps. Ad-
ditionally, in pump types such as reciprocating, severe shock
waves are produced which can cause fatigue failure in compo-
nents and bearing failure.

The concept of NPSH becomes NPIP, Net Positive Inlet Pres-
sure, again in two forms, NPIPa and NPIPr. Pressure is used
rather than head because all the other pump parameters are
expressed as pressure. In positive displacement pump types
which are used for process applications handling a wide range
of liquids, NPIP is considered to be an equivalent to NPSH;
NPIP is quoted in a completely analogous manner. However,
some positive displacement pump types are used mostly on
one type of liquid and a different approach has become ac-
cepted.

Gear pumps and screw pumps are used mostly on lubricating
oil. Lube oil has a very low vapour pressure and NPIP testing is
difficult due to the high vacuums which must be achieved and
attendant air leaks. Also, air and gases evolving from solution
tend to mask the true NPIPr value. It has become the practice
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Figure 4.59 Plunger pump NPIP test result

for these pump manufacturers to specify a minimum suction
pressure. Unfortunately some still call this NPIPr and quote val-
ues in bara. The picture is further complicated by some positive
displacement pump manufacturers who do not fully understand
NPSH or NPIP and guote values of NPIPr in bara. It is worth-
while double checking with manufacturers to be sure exactly
what figure is being quoted.

Plunger pumps are used extensively for process applications
and data is readily available. Pumps are tested at constant dis-
charge pressure while the suction pressure is gradually re-
duced. When cavitation is initiated, the flow per revolution and
the volumetric efficiency are reduced. It is possible that the
pump flow may increase slightly due to a very slight increase in
speed caused by reduced power consumption. Pumps driven
by fixed frequency squirrel-cage motors will run at slightly differ-
ent speeds depending upon the absorbed power. The flow per
rev or volumetric efficiency can be plotted against NPIP, see
Figure 4.59.

Reciprocating pumps with plate or plug valves have very dis-
tinctive NPIPr characteristics as can be seen from Figure 4.59.
Manufacturers of APl 674 and 676, reciprocating and rotary
positive displacement pumps advise that NPIPr should be
specified at 3% flow loss. This is obviously a direct translation of
the rotodynamic pump criterion of 3% head loss. 3% flow loss
can not be applied universally to reciprocating pumps. Most re-
ciprocating pumps are built with plate valves. The NPIPr char-
acteristic is very clear. NPIPr values should be quoted for 0%
flow loss.

Cavitation in reciprocating pumps can produce catastrophic
failures due to fatigue. Pumps should not be operated routinely
while cavitating. The effects of cavitation on rotary positive dis-
placement pumps should be discussed in detail with the manu-
facturer, on a case-by-case basis, when deciding on the operat-
ing conditions and the purchasing specification.

Reciprocating pump NPIPr characteristics are plotted for con-
stant differential pressure against speed. Some curves may
show more than one viscosity or more than one plunger diame-
ter. Increasing viscosity increases NPIPr although the relation-
ship is not easily defined and varies considerably from pump to
pump. Increasing viscosity has a more pronounced effect on
small pumps than large pumps. Viscosity can also affect the
valve dynamics resulting in reduced speed operation. The
NP!Pr curve does not approach zero at zero speed, see Figure
4.60. A minimum value, depending upon the pump and valve
design, is required to avoid cavitation. it may be possible for the
NP!Pr value to increase at very low speeds, similar to the effect
in centrifugal pumps. No test results have been reviewed which
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Figure 4.60 Plunger pump NPIP test result
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show this effect but the possibility should not be ignored if
pumps are required to operate below 10% speed.

As explained in Section 4.2.1.5, and shown in Figure 4.15,
NPSH can be considered as a 3D surface. The same concept
can be applied to reciprocating pumps showing the relationship
between speed, differential pressure and NPIPr, see Figure
4.61. The surface shown can be considered as the relationship
for a specific viscosity. A higher viscosity would produce an-
other surface, not necessarily of the same shape, above the
surface shown. The effect indicated where NPIPr reduces as
differential pressure reduces can be completely negated by
poor suction valve design.

Rotary positive displacement pumps tend to have a linear
NPIPr relationship with speed. The slope of the curve increases
as viscosity increases. Usually two or three viscosity curves are
shown on one graph to allow interpolation for the required
value.

4.4.4 Cavitation effects on pump operation

Cavitation in rotodynamic pumps, if allowed to continue for pro-
longed periods of time, can cause mechanical damage to the
pump. Surface material is removed by the implosion of the
vapour bubbles and characteristic damage is visible when in-
spected. Clearances can be increased causing permanent re-
duction in performance. Mechanical seals are prone to physical
damage. The hydraulic performance is also reduced by the on-
set of cavitation. The performance is affected in different ways
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Q

Figure 4.62 Cavitation in a centrifugal pump

Q
Figure 4.63 Cavitation in an axial flow pump of N_ = 200

depending upon the type of pump. In general, there is an ac-
companying increase in noise and vibration.

The full lines shown in Figure 4.62 represent the pump's differ-
ential head and efficiency for cavitation-free operation. The
pump's cavitation sensitivity in the form of NPSHr is also
shown. The pump has a low specific speed, N = 20. The pump
is intended for a system having a certain static suction head.
When the flow increases, the NPSHr also increases, while pmin
decreases. When the positive suction static head is reduced
eventually the limits of cavitation-free operation are reached
and the pump performance declines rapidly (dashed lines). The
rapid decline in performance is associated with the narrow vane
passages which are characteristic of pumps having low specific
speed. The complete length of the front edges of the vanes are
at approximately the same diameter and are subjected to the
same velocity. With the onset of cavitation it requires only a
slight increase in flow to completely fill the vane passages with
vapour. The pump's delivery head can thus be reduced to zero.

The relationship for axial flow pumps is different. Here cavita-
tion occurs on the suction side of the profiles at the tips of the
blades where the relative velocity, Ap is greatest. Despite cavi-
tation at the tips of the blades there still remains a large usable
amount of blade passage, Figure 4.63. The decline in perfor-
mance is therefore a more gradual process in the case of axial
pumps.

The onset of cavitation in positive displacement pumps causes
a reduction in flow rate since part of the displacement becomes
filled with vapour. When the vapour bubbles collapse, severe
pressure waves can be created which result in fatigue failures.
In reciprocating pumps, classic cavitation damage includes:

Cylinder cracks

Broken bolts and studs

Broken valve plates and springs

High bearing wear

Externally, signs of cavitation include a characteristic “pinking”
noise, increased pump vibration and increased pipework vibra-
tion due to increased levels of pressure pulsations in both the
suction and discharge.

For reciprocating pumps, and some rotary pumps with only a
few lobes or teeth, an additional loss, to those already ex-
plained, is experienced in the suction pipework. The flow varia-
tion caused by the small number of pumping elements requires
some additional head to be available to accelerate the flow to
keep up with the changing velocity of the pumping elements.
This phenomenon has been studied by the Hydraulic Institute
in the USA and the German Engineering Federation (VDMA).
The extra head required is a function of the:

e Pump type

¢ Number of pumping elements
e Pump speed

¢ Velocity in the suction pipe

¢ Length of the suction pipe

¢ Nature of the liquid

This extra loss is called Acceleration Head Loss and can be ap-
proximated for water, amine, glycol, from the following equa-
tion.

H.. = 4LUnC Equ4.41
where:

Haee = Acceleration Head Loss (m)

L = suction pipe length (m)

U = average velocity in pipe (m/s)

n = pump speed (s)

C = pump characteristic non-dimensional

The pump characteristic values for single acting reciprocating
pumps are:

1cyl C=04
2cyl C=0.20
3cyl C=0.07
4cyl C=011
5¢cyl C=0.04
6cyl C=0.06
7cyl C=0.03
8cyl C=0.045
9cyl C=0.025

For other liquids multiply the water value by:

e urea, carbamate, liquids
with traces of entrained gases 1.5

e de-aerated water 1.1
¢ hydrocarbons 0.75
¢ hotoil 0.6

The approximation given in equation 4.41 must be used with
caution. [t is, of necessity, an extremely simplistic evaluation of
a very complex phenomenon. It was proposed for use on rela-
tively short pipe runs, 15 to 20 diameters. On long runs it tends
to be pessimistic, on short runs optimistic. The formula tends to
zero as the variables reduce. In practice, Acceleration Head
Loss tends to a finite minimum depending upon the pump detail
design. If acceleration pressure loss will cause pipe vibration or
reduce NPIPa below NPIPr then pulsation dampers may solve
the problem. A correctly selected, installed and maintained pul-
sation damper can attenuate pressure pulsations by 90%.

Positive displacement pumps should aiways operate with a
safety margin between NPIPa and NPIPr. A fixed value of
safety margin would be too simplistic and a calculated value is
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very difficult. Figures 4.64 - 4.66 show guidelines for reciprocat-
ing pumps from the British Pump Manufacturers Association.

Values of margins are obtained from both Figures 4.64 and
4.65. Amultiplier is obtained from Figure 4.66 depending upon
how highly loaded the pump is at the rated conditions and ap-
plied to the highest value obtained from Figures 4.64 or 4.65.

4.4.5 Self-priming

A rotodynamic pump operating with air rather than water pro-
duces a head rise which is about 1/1000. If the pump is placed
above the level of the upper liquid surface and the suction line is
filled with air the pump is thus incapable of removing this air by
itself when starting. This is referred to as a centrifugal pump be-
ingunable to evacuate its own suction line. Before pumping can
start it is therefore necessary to fill the pump with liquid, venting
and priming. This can be arranged in different ways, see Figure
4.67. Placing the pump below the level of the upper liquid sur-
face, flooded suction, eliminates the problem of evacuation and
reduces the risk of cavitation. The NPSH can be achieved for
example, by immersing the pump or both the pump and the
drive motor, so-calied submersible pumps.

Rotodynamic pumps are available in a wide range of designs
and configurations. Not all pumps are self-venting. Pumps
installed as indicated in Figure 4.65 as “dry” may still require
venting and priming. Venting and priming after installation or

100
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Figure 4.66 Percentage of recommended margin for percentage of rated dif-
ferential pressure

maintenance, will only be necessary once, unless the liquid
level falls below the top of the pump. The manufacturer's oper-
ating instructions should be checked to ensure proper pump
operation. Submerged pumps are designed to be self-venting
and priming.

An alternative method of keeping the pump filled with liquid is
shown in Figure 4.68. The non-return (foot) valve prevents lig-
uid draining from the suction line when the pump is stopped.
The foot valve is however, always subject to a small amount of
leakage and also has the disadvantage that it causes large
pressure losses within the suction line when pumping. Provi-
sion must be made to fill the suction line initially. The volume of
the evacuating tank must be several times greater than the vol-
ume of the suction line. It is also necessary to check that cavita-
tion does not occur in the suction line.

The air in the suction line and pump casing can be evacuated
with the help of a smaliler self-priming pump, Figure 4.69. The
priming pump must be connected to the highest point on the
pump casing. A wide variety of pump types can be used as
evacuating pumps. The most usual are vacuum pumps,
side-channel and jet pumps.

Ali positive displacement pumps are in principle self-priming
providing that the inner seals are sufficiently effective and that
“dry” running is acceptable during starting. It is therefore advis-
able to check with the manufacturer with regard to “dry” running
in the case of applications having long suction lines. Recipro-
cating pumps should always be vented and primed prior to
starting.

Inthe case of specially designed self-priming centrifugal pumps
the pump is built into a tank containing liquid. The evacuating
process is then carried out automaticaily if the pump is first filled
with liquid. The suction line must be dimensioned with regard to
both flow losses and evacuation time and must rise continu-
ously towards the pump. Too large a suction line makes evacu-
ation more difficult. A useful rule is to dimension for a suction
head loss of 1to 2 m. If the volume of the suction line above the
surface level of the liquid is very large, for example, for suction
pipe lengths of several hundred metres, a foot valve must, with-
out exception, be placed below the liquid surface.

4.4.6 Effects of dissolved and entrained gases

The pumped liquid may contain certain quantities of dissolved
gas or entrained gas. Lubricating oil, for example, at atmo-
spheric pressure and room temperature can contain up to 10%
air by volume, petrol can contain up to 20% air by volume. The
ability of a liquid to dissolve gas reduces with reduced pressure
and with increased temperature. Gas can therefore evolve in

LIBERTY EXHIBIT 1014, Page 180

150 PUMPING MANUAL International



4 Pump theory

-

“dry installatio

wel' installation

Figure 4.67 Pump installation without suction line evacuation

—

X ]

Foot valve

Evacuating tank

Figure 4.68 Foot valve and evacuating tank

A |
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areas of localised low pressure and re-dissolve when the pres-
sure increases again. This process is similar in some ways to
the formation and implosion of vapour bubbles, or cavitation,
but is considerably less violent and causes no mechanical
damage unless the pressure changes are large, as in positive
displacement pumps. When gas separation and cavitation oc-
cur simultaneously in rotodynamic pumps the gas has a damp-
ening effect on the implosion process and in this way helps to
limit the extent of damage caused by cavitation. Small amounts
of air have been introduced into the pump suction on purpose to
alleviate certain site problems.

The pumped liquid can also contain entrained gas, usually air.
This entrained gas has considerable influence on pump perfor-
mance. In rotodynamic pumps both the delivery head and the
efficiency are noticeably reduced by increased quantities of en-
trained gas. In positive displacement pumps entrained gas re-
duces the liquid flow rate and creates pressure pulsations
which can cause premature component failure and severe pipe
vibration.

As shown in Figure 4.70, the originally stable H-Q curve be-
comes unstable due to the influence of entrained air. For the
system curve shown there are, for a given concentration of en-
trained air, two alternative intersection points and there is risk of
unstable operating conditions.

Certain conditions can cause air to collect in the pump impeller,
which can lead to loss of prime. The risk of air collecting is
greatest for flows which are less than the design flow. It is nor-
mally possible to pump without other difficulties arising, other
than reduced efficiency, for air concentrations of up to 2 to 4%
by volume measured at the pump intake connection.

Positive displacement pumps usually cope with larger concen-
trations of air better than centrifugal pumps. For positive dis-
placement pumps operating with a suction lift, the theoretical
volume flow is reduced considerably, up to 50%, if the liquid

Figure 4.70 The influence of entrained air in water on a centrifugal pump’s
H-Q curve

contains entrained or dissolved gases. Entrained gas will ex-
pand and dissolved gas will evolve and partially fill the
displacement volume. Severe pressure pulsations, causing vi-
bration and fatigue damage, may resuit. Consult pump manu-
facturers and provide them with full operating conditions, in-
cluding details of gas contamination, before deciding on a
pump type and selection.

Pumps handling cold fresh water from rivers, reservoirs and
tanks can suffer damage and short component lives due to en-
trained and dissolved air. Experience has shown that an allow-
ance must be made for air evolution. The vapour pressure of
the water should be increased by 0.24 bar.

Developments in rotcdynamic pump technology has resulted in
increased gas handling capabilities. Production centrifugal
pumps are limited to about 15% by volume before the pump
loses prime. Special centrifugal pumps have been able to han-
dle 40% by volume under controlled test conditions.

More recent developments in multi-stage axial flow pumps can
handle 98% gas volumes for pressures up to 20barg. Special
versions of positive displacement pumps have been developed
to cope with entrained/dissolved gas continuously. Twin
geared-screw pumps can handle 97% gas at pressures up to
40barg. These pumps are also capable of handling small en-
trained solids, such as sand.

NOTE: It cannot be stressed too often or too strongly that suc-
cessful pump installations are based on good commu-
nications between the user and the pump manu-
facturer. The pump manufacturer issues guarantees
on the basis of operational data provided. If important
data is withheld, the guarantee will be invalidated and
the manufacturer will not supply replacement parts or
service engineers free-of-charge.

The user should not judge which information is important and
which is trivial. Forward all information to the pump manufac-
turer and let the manufacturer decide. This course of action will
provide the user with a “water-tight” guarantee. If certain as-
pects of operation are impossible to quantify, discussions with
manufacturers will indicate whether the problem is important or
insignificant and if there could be an effect on performance or
reliability. It is in the best interests of all concerned to discuss
points which need clarification. In general, data sheets for
pumps are poor. Full operational conditions are not described
in any detail. Filling in an AP1 610 or API 674 data sheet will not
assure a “water-tight” guarantee.

The performance and reliability of many modern pump installa-
tions is hampered by poor pipework design. Pumps are not de-
signed to cope with any pipework which the piping designer can
fitin. Pumps are designed to operate successfuily within an ap-
propriate system. Pump purchasers should ensure the system
designer is fully experienced with the types of pumps being
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4 Pump theory

considered. Pump purchasers do not like buying prototype
pumps; but every new pump installation has a prototype piping
system. The pump manufacturer will not accept the responsi-
bility for pump failures caused by inherent system defects.

4.4.7 Calculation examples
Example 1

Apump is required to lift water from a river. The minimum baro-
metric pressure is 735 mm Hg and the maximum water temper-
ature is 10 °C. At the rated flow the suction pipe losses, includ-
ing velocity head and entrance losses, are 1.5 m and the pump
is 2 m. What is the maximum suction lift possible?

Water vapour pressure = 0.01227 bara
Water density = 999.8 kg/m?
Mercury density = 13600 kg/m?

Atmospheric pressure =
735 x 13600/ 999.8 / 1000 =9.997 m

Water vapour pressure =
0.01227 x 100000/ 999.8 / 9.80665 = 0.125 m

Allowance for air evolution =
0.24 x 100000 / 999.8 / 9.80665 = 2.448 m

NPSHa=9.997-15-2-0.125-2.448=3.924 m

Therefore, the maximum suction lift is 3.924 m without any
safety margin between NPSHa and NPSHr. If a self-priming
pump was used, then the margin for air evolution would not be
required and the maximum suction lift would increase to
6.372m.

The density used for water is compressed water data, not satu-
rated liquid data. The water is not at saturated pressure there-
fore it is compressed.

Example 2

Water at a maximum temperature of 60 °C is to be pumped from
an open tank. The minimum barometric pressure is 735 mm Hg
and the pump suction will be 3 m below the minimum liquid sur-
face level. If the suction pipe losses, including velocity head
and entrance losses, are 4 m at the rated flow what is the
NPSHa for the pump?

Water vapour pressure = 0.1992 bara
Water density = 983.2 kg/m?
Mercury density = 13600 kg/m?3

Atmospheric pressure =
735x 13600 /983.2 /1000 = 10.167 m

Water vapour pressure =
0.1992 x 100000 / 983.2 / 9.80665 = 2.065 m

NPSHa=10.167 +3-4-2.065=7.102m

Notice that the head equivalent of atmospheric pressure has
changed even though the barometric pressure is the same. The
water density is reduced because of the increased tempera-
ture. Allowance for gas evolution is not necessary because the
temperature is high enough to drive off any gas.

Example 3

Water at a temperature of 100 °C is to be pumped from an open
tank. The minimum barometric pressure is 735 mm Hg and the
suction pipe losses, including velocity head and entrance
losses, are 4 m at the rated flow. If the pump has an NPSHrof 5
m at the rated flow, how much static suction head is required to
prevent cavitation?

1.01325 bara
958.1 kg/m?®
13600 kg/m?

Water vapour pressure

Water density

Mercury density

Atmospheric pressure =
735 x 13600/ 958.1 /1000 = 10.433 m

Water vapour pressure =
1.01325 x 100000/ 958.1 / 9.80665 = 10.784 m

NPSHa =10.433-4-5-10.784 =-9.351 m

So the minimum static suction head required is 9.351 m
without any safety margin. The head equivalent of atmo-
spheric pressure is increased due to the reduced water density.

Example 4

Water is to be pumped from a closed tank which is pressurised
to 4 barg 0.1 barg. The minimum barometric pressure is 735
mm Hg. The maximum water temperature is 150 °C. At rated
flow the suction pipe losses are 3 m and the NPSHr of the pump
is 3 m, how much positive static head is required to prevent the
pump cavitating?

Water vapour pressure = 4.76 bara
Water density = 916.7 kg/m®
Mercury density = 13600 kg/m®

Atmospheric pressure =
735 x 13600/ 916.7 / 1000 = 10.904 m

Pressure in tank =
(3.99 x 100000/ 916.7 / 9.80665) + 10.904 = 55.287 m

Water vapour pressure =
4.76 x 100000/ 916.7 / 9.80665 = 52.949 m

NPSHa = 55.287 - 52.949 -3 -3 =-3.662 m

The minimum static head required is 3.662 m without any
margin.

Example 5

Athree cylinder single acting pump, running at 600 rpm, is to be
supplied with water at 60 °C from an open tank. The minimum
barometric pressure is 735 mm Hg. The minimum water level
above the pump suction is 5 m. The suction line velocity is 0.75
m/s and the line length is 10 m. The suction line losses total 2 m
and the pump NPIPr is 0.7 bar. Will the system operate suc-
cessfully ?

Water vapour pressure = 0.1992 bara
Water density = 983.2 kg/m?
Mercury density = 13600 kg/m?

Atmospheric pressure
735 x 13600 x 9.80665 / 1000 /100000 = 0.980 bara

Static pressure =
5x983.2 x 9.80665 / 100000 = 0.482 bar

Friction pressure drop =
2 x 983.2 x 9.80665 / 100000 = 0.193 bar

Haee =4 x 10 x 0.75 x 10 X 0.07 = 21
Hacc = 21 x 983.2 x 9.80665 / 100000 = 2.025 bar
NPIPa = 0.98 + 0.482 - 0.1992 - 0.193 - 2.025 = - 0.955 bar

The system will not work as originally described. The ac-
celeration head loss is too great. Alarger suction pipe could be
used; this would reduce the friction loss and the acceleration
head loss. This would be the best solution for really critical in-
stallations. Or a pulsation damper could be fitted; the accelera-
tion head loss could be reduced to 0.2025 bar which would pro-
vide an NPIPa/NPIPr margin of 0.867 bar. Figure 4.64
recommends a margin of about 0.15 bar for pumps at 600 rpm.
So 90% attenuation of Hacc is not necessary for NPIPr pur-
poses. Check the effect of pressure pulsations on pipework vi-
bration before deciding on attenuation required.
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4.5 Useful references

American National Standard for Centrifugal Pumps, Std. No.
ANSI/HI 1.1-1.6.

The relationship and effect of both specific speed parame-
ters, Paper presented by R. Palgrave, to the Institution of
Mechanical Engineers, September 1984, at the conference
on Deaerators and Boiler Feed Pumps.

PD ISO/TR 17766:2005 Performance corrections for all

worldwide designs of centrifugal pumps of conventional de-
sign, in the normal operating range, with open or closed im-
pellers, single or double suction, pumping Newtonian fluids.

Using Centrifugal Pumps for High Viscosity Liquids,
John D. Constance, Plant Engineering, September 16, 1976,
pp 163-166.

Investigation of the Performance of Centrifugal Pumps When
Pumping Oils, Robert L. Daugherty, Bulletin 130, Goulds
Pumps Inc, Seneca Falls, N.Y., 1925.

A Further Investigation of The Performance of Centrifugal
Pumps When Pumping Oils, Robert L. Daugherty, Builetin
130, Goulds Pumps inc, Seneca Falls, N.Y., 1926.

Effect of Viscosity on the Hydraulic Performance of a
2x1LF-10 Centrifugal Pump, R.B. Erickson, Duriron Lab. and
DuPont Jackson Lab. Development Report, 5 May 1995.

Flowserve (formerly Durco) Pump Engineering Manual,
Dayton, 1980, pp 100-103.

Pumping Highly Viscous Fluids with Centrifugal Pumps,
J.F. Gtlich, World Pumps, 1999, No 8 & 9.

Kreiselpumpen. Ein Handbuch fiir Entwicklung,
Anlagenplanug und Betrieb, J.F. Gllich, Springer, ISBN
3-540-56987-1, Berlin 1999, pp 70-72, 107, 538-550.

Prediction of Viscosity Effects in Centrifugal Pumps by Con-
sideration of Individual Losses, C.P. Hamkins, H.O. Jeske,
P.H. Hergt, (from a lecture at the Third European Congress
Fluid Machinery for the Oil, Petrochemical, and Related In-
dustries, The Hague, Netherlands, 18-20 May 1987).

Verlustanalyse an einer Kreiselpumpe auf der Basis von
Messungen bei hoher Viskositét der Férdermediums, P.
Hergt, B. Stoffel and H. Lauer, VDI Report No. 424, 1981,
pp 29-38.

Pumping of Liquids, F.A. Holland and F.S. Chapman,
Reinhold, N.Y. 19686, pp 249-256.

The Influence of Viscosity on Centrifugal Pump Performance,
Arthur T. Ippen, ASME Paper No A-45-57, (Annual Meeting
of the American Society of Mechanical Engineers, New York,
N.Y. 27 November 1945).

Aporte al Estudio Sobre la Influencia de la Viscosidad, en la
Caracteristica de Bombas Centrifugas, O.J. Maggiolo Cam-
pos, Boletin de la Facultad de Ingenieria de Montevideo,
ARo XV!, Vol VI, No 4, October 1952, pp 487-510.

Influence of the Viscosity of the Liquid to be Handled on the
Operating Reaction of Centrifugal Pumps with Different

Speeds, G Mollenkoff, (in German) Pumpentagung,
Karlsruhe ‘78, 28 September 1978, Section K10.

Influence de la viscosité et des jeux sur le fonctionnement
d’une pompe centrifuge, R. Ouziaux, Student thesis,
C.N.AM., France, 12 December 1969, pp 80-86.

Evaluation of Performance Correction Factors for High
Power Centrifugal Pipeline Pumps for Higher Qil Viscosity,
S.V. Saxena, J. Kuhiman and H. Renger, (in German),
Fachgemeinschaft Pumpen im VDMA, Pumpentagung,
Karlsruhe, 30 September - 2 October, 1969, Section C7.

Centrifugal and Azial Flow Pumps Theory, Design and Appli-
cation, J.J. Stepanoff, John Wiley, N.Y. 1948, pp 310-318.

Centrifugal Pump Operation on Viscous Liquids, D.Y.
Sukhanov, (in russian) MASHGIZ, Moscow, 1952.

Performance of Centrifugal Pumps at Low Reynolds Number,
(1st Report, Experimental Study), K. Tanaka and H. Ohashi,
(in Japanese), Transactions of JSSME Ed. 50 No 449, Doc No
83-007, January 1984, pp 279-285.

Optimum Design of Centrifugal Pumps for Highly Viscous
Liquids, K. Tanaka and H. Ohashi, Proceedings of the 13th
AlHH Symposium at Montreal, Canada 1986, 9 No 35.

Equations Correct Centrifugal Pump Curves for Viscosity, Z.
Tunzo, G. Takacs and J. Zsuga, Qil & Gas Journal,
29 May 2000, pp 57-61.

Umrechnung der Kennlinien von Spiralhdusepumpen bei
Betrieb mit zdhen Flissigkeiten, KSB Worksheet, No 38.1,
15 April 1983.

The “Sudden-Rising Head” Effect in Centrifugal Oil Pumps, Li
Wen-Guang, World Pumps, 2000, No 10.

American National Standard for Centrifugal Pumps for De-
sign and Application (ANSI/HI 1.1-1.2-2000, 1.3-2000).

Resistance of Flow through an Annulus with an Inner Rotat-
ing Cylinder, Y. Yamada, Bulletin JSME, Vol 5, No 17, 1962,
pp 302-310.

Roughness on Frictional Resistance of Enclosed Rotating
Disc, J.W. Daily, R.E. Nece, Transactions of ASME, Journal
of Basic Engineering, 1960, No 82, pp 553-560.

Torque Resistance of a Flow Rotating Co-axial Cylinders
Having Axial Flow, Y. Yamada, Bulletin JSME, Vol 5, No 20,
1962, pp 634-641.

Standard Practice for Conversion of KinematicViscosity to
Saybolt Universal Viscosity of to Saybolt Furol Viscosity,
ASTM Designation D2101-93 (Reapproved 1999) with edito-
rial corrections in August 2000.

How Centrifugals Perform When Pumping Viscous Oils,
A.J. Stepanoff, Power, June 1949.

Reynolds Number in the Design of Centrifugal Pumps for Vis-
cous Liquids, R.J. MacMeekin, Ingersoll-Rand Co Internal re-
port, September 1949,
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5 Pumps and piping systems

5.1 System curves

The relationship between fixed speed pumps and piping sys-
tems is covered by the following sections. Variable speed
pumps produce an infinite number of pump characteristics,
which can be derived using the affinity laws, and make it possi-
ble for a pump to operate virtually anywhere on any system
curve,

5.1.1 Pump nominal duty point

When connected in a pipe system a pump will operate at a point
of equilibrium between the pump and the pipe system. At the
point of equilibrium the energy supplied by the pump is equal to
the losses due to resistance in the system. The pump charac-
teristics in this respect are usually represented by the H-Q
curve. The equivalent curve for the pipe system is called the
system curve and is designated Hgyst. Hsyst must include suction
and discharge losses. Remember both curves indicate differ-
ential head.

The flow at which the pump and system curves intersect each
other, is the flow which will pass through the pipe system. In or-
der to determine correctly the size and dimensions of the pump
and pipe system a knowledge of the characteristics of their re-
spective curves is necessary. This section deals with the char-
acteristics of the pipework system.

Figure 5.1 shows typical curves for a centrifugal pump with a
low specific speed, when pumping a water-like liquid. The
curves vary in shape when pumping other liquids and when us-
ing other types of pumps. Generally, however, the flow is always
determined by the balance between the pump and system.

5.1.2 Single pipe system

The system differential head is usually divided into a static com-
ponent Hga; and a loss component hy.

Hgyet =Hgm + 0y Equ5.1

The static component, which is generally independent of flow,
comprises the difference in static pressures and the level differ-
ences between the boundaries of the system. Using the desig-
nation as in Figure 5.2:

syst

Hstat = BQ—_pA +h EqU 52
rg
where:
p = static pressure (N/m?)
p = density of the liquid (kg/m?3)
g = acceleration due to gravity (m/s?)
h = difference in elevation (m)

The losses include friction losses in straight pipe and losses in
valves and fittings etc.

Figure 5.1 Pump nominal duty point

Pg
—
==
N
|
Figure 5.2 Example of single pipe system
hf = h(straightpipe) + h(fittingsandvalves) Equ 5.3
Using the terms as defined in Chapter 3
2 2 2
d 29 2g d 29
2
- (k.l+zg).—o 5 A Equ5.4
d n-d?)" 29
=)
where:
A = loss coefficient for straight pipe
c = loss coefficient for valves and fittings
5 = sum of all loss coefficients
| = pipe length (m)
d = pipe diameter (m)
Q = flow (m%/s)
v = flow velocity (m/s)

For a given pipework system of | and d, with water-like liquids
the loss coefficients A and £ are often independent of Qfor large
values of Reynolds Number. The loss of head then becomes
approximately:

Equ5.5
If the pressures at the system boundaries are such that PA=PB

= atmospheric pressure, then Hg, equals the elevation differ-
ence h, the system differential head then becomes:

Hy =H

syst — ! Ustat

or shown graphically in Figure 5.3.

h, =constant-Q?

+h, =h+constant-Q° Equ5.6

Note that the system curve represented in Figure 5.3 is based
on pa, ps and h being independent of the flow Q. It is also as-

H

Hsys;t

stat

Figure 5.3 System curve
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e g head”, does not exceed Hg at the start then pumping cannot
begin.
l

For installations similar to Figure 5.8 the static head varies as
Hgtat = h the level difference between the liquid surfaces in the vessel
4@_| changes. Similar system curve changes occur in enclosed ves-
sels, in which the pressure is dependent upon the operational

situation.
The system curve’s loss component can also vary according to
the operating situation. The most usual case being when rust or

other deposits begin to build up in a pipeline after a period of op-
eration. This causes an increase of flow resistance in the pipe-

E

Figure 5.4 Pipework systems with the same static head —

/ Y
. -
H of,

Figure 5.6 Piping system where h, = 0

- T . '
/ 3
l L/ Hear during M at - i
| R — Q continuous ‘ | at start ‘ | Hsia during
operation continuous
Figure 5.5 Piping system where H__ = O operation
L4 ) v " v
sumed that A and { are independent of Reynolds Number. I }) ; | l ‘br :
These conditions are often, but not always, fulfilled. )
Figure 5.4 shows three different pipework systems having the Figure 5.7 Static head at start and during continuous operation

same level differences and therefore the same differential static
head. Notice that, from a practical pumping perspective, the
systems are different. The first system involves a suction lift
whilst the other two have flooded suctions. The physical loca-
tion of the pump has a significant impact on system design and
pump type selection. Non-return valves, essential to prevent
reverse flow, are not indicated. In some cases automatic clos-
ing isolating valves may be necessary to prevent undesirable
forward flow. For certain piping systems, circulating systems
for example, Hgq = 0 and the head of the system consists en-

tirely of pipe flow losses. Sop 4@ ___l

For other piping systems with short pipes and considerable
pressure or level differences the flow losses are negligible and |
Hsyst = Hstat~

Systems similar to Figure 5.5 are called “pipeline” systems be-
cause all the losses are friction losses. Systems similar to Fig-
ure 5.6 are called “chemical” systems because itis typical of the
arrangements found in chemical and petrochemical installa-
tions. When developing the system curve the flow losses are
calculated according to Chapter 3.

Start

5.1.3 Variable system curves

Certain conditions can cause the system curve to vary accord-
ing to the operating situation. Some examples of such situa-
tions are shown in Figures 5.7 - 5.11.

D)

When starting up, the discharge pipes are filled with air above
the liquid level of the lower tank. The pump must lift the liquid to
the highest point in the line. The static delivery head reduces
when the line is completely filled with liquid. If the pump’s differ-
ential head at the zero discharge point, called the “shut-off Figure 5.8 System curve with varying static head
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/,_D line which results in a steeper system curve. Other examples of
— .
- varying loss curves are:
///
[:]@—/ o Temperature variations
H / Incorrectly calculated s Viscosity

An intentional change to the system curve is brought about by
throttle-regulation, and discussed in Chapter 6.

Q The pump H-Q curve is also affected by viscosity and wear for
example, see Chapter 1.

True ¢ Reynolds Number
7/ ! » Concentration variations in the case of liquid-solid mixtures
7 o e Dosage variations etc.
|
|
|
|

The relevance of the system curve to operating situations can

P f—
be illustrated by some examples:
/('1'\ The pump installation shown in Figure 5.8 has been designed
no| \ to be “on the safe side”, the pipe losses having been estimated
| " too high. The actual system curve results in a larger flow than
| KNPSH required, which means greater pump power requirement and
& reduced efficiency, see Figure 5.9. This situation gives rise to
the risk of pump overload and cavitation. The desired flow can
Figure 5.9 Consequences of incorrectly calculated pipe losses be maintained by 'mmducmg a flow resistance into the piping

system.

H Pipe with deposits Figure 5.10 illustrates the reduction of pump flow caused by the

/7 New pipe build up of deposits (scale, rust, etc.) in the pipeline. Since the
size of pump has been chosen in order to obtain optimum effi-
ciency for operation with new pipes, the subsequent flow reduc-
tion results in reduced pump efficiency.

The pump in Figure 5.11 has been chosen to suit a particular
operational situation, which is equivalent to Hgat, max i.€. when
the liquid levels in the lower and upper vessels are lowest and
highest respectively.

In the alternative case Hgt, min @ larger flow is obtained. When
plotting pump and system curves, it is not sufficient to plot only
the differential head. The NPSHa and the NPSHr should be
plotted for the various flows considered. If allowances are
added to the system losses, for eventual fouling for example,
the operating conditions for the new pipe must be checked if
balancing valves are not fitted.

If the plotted characteristics indicate that there is no pump avail-
able to suit the system NPSHa, the “system” must be modified.
a In this context, the system includes some operating conditions.
In order to provide more NPSHa the suction pressure must be
Figure 5.10 The effect of deposits on pipes increased or the difference between the suction pressure and
H the vapour pressure must be increased. The following courses

of action should be considered:

s Re-route the suction pipe to make it shorter

+ Move the pump closer to the suction source and reduce the
length of the suction pipe

o Lift the suction source up to increase Hg, on the suction
side

¢ Increase the suction pipe diameter

* Reduce the liquid temperature to reduce the vapour pres-
sure

B 5.1.4 Branched pipe systems

The first example of a branched pipe system is a circulation
| Y system, see Figure 5.12. In such a case Hgi,t = 0. The flow Q,,

which passes through the pump, is divided at the branch point.

| NPSH Continuity dictates that
/ Qp :QA +% EqU 5.7

Both branches A and B have their own system curves, the sum
Figure 5.11 The effect of varying static head of which determines the resultant system curve. The intersec-
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Q @ Q Xas
H
A B
I
Hsyst
/ / A+B
/ /| \‘ Pume
y e
| i |
Qr Qe Q @

Figure 5.12 Branched circulation system
Branch point

N /N
// RL’_CEL:_CE-{J .Ir_',-

branch point

Figure 5.13 Branched pipe system H__ =0

stat

tion point of the resultant system curve and the pump curve de-
termines the pump’s operating point.

Figure 5.12 also shows how large a portion of the pump flow
flows through each respective branch. The division of flow de-
pends upon the magnitude of the losses in each respective
branch. In this example it is assumed that the branch point is
near to the pump i.e. that flow losses between the pump and
the branch point can be neglected.

The next example, Figure 5.13, also takes into consideration
the losses in the main pipeline up to the branch point. This is
done by reducing the pump curve by the magnitude of the
losses up to the branch point. The “reduced” curve is then
matched to the remaining system curve as before.

In the third example as shown in Figure 5.14, the pump curve is
first reduced to the branch point. Thereafter the system curves
A+ B are added to the resultant system curve Hqyt A+ B. The in-
tersection point between the reduced pump curve and the re-
sultant system curve determines the pump’s operational point.

In the fourth example as shown in Figure 5.15, there is a level
difference, namely a supply head between the supply vessel on
the suction side and the branch point. The system curve for the

H

.-\\/ A+ E
Pump curve

L7 /
I
r“h’:'t’l'.mel‘l up to
branch point

—==—Supply pipeline
— —

o = —

Qx Qs Qg

Q

Figure 5.14 Branched pipe system with static differential head

supply pipeline exhibits therefore, a static head, Hgs < 0. The
method is the same as in the previous examples. First reduce
the pump curve with the supply line curve up to the branch
point. Then determine the system curves for the branches A+ B
from the branch point. The resultant branch curve is then
matched to the pump’s reduced curve.

In principle, this method can be applied to calculate any pipe-
work system, however complicated and containing any number
of branch points. The first step is to determine the resultant sys-

<~ P

Pump curve

Reduced to
branch paint

- Supply line

-—r - — Q

Figure 5.15 Branched pipe system with static supply line
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5 Pumps and piping systems

tem curve for the branch furthest from the pump in relation to
the furthest branch point. The next step is to deal with the next
branch point and so on until the branch point nearest to the
pump is reached.

Remember the system curve is a combination of suction and
discharge losses. The H for the vertical axis in Figures 5.1, 5.3,
5.5,5.6,5.8and 5.9to 5.15 is really AH, the losses from the be-
ginning of the suction pipe to the end of the discharge pipe.
Rotodynamic pump curves indicate AH across the suction and
discharge connections of the pumps.

A common problem is the sizing of a piping network with many
branches and many tapping points in such a way as to guaran-
tee a predetermined flow and pressure at each tapping point.
Sizing is carried out so that the pipeline requiring the most pres-
sure, usually the pipeline to the furthest tapping point, is
dimensioned first. The branch lines are then calculated on the
basis of the excess pressure available at the branch points. The
excess pressure at the branch points can be such that it is nec-
essary to equip a branch line with extra throttling to prevent ex-
cessive flow and unbalancing the system.

Throttle valves can be fitted to balance a complex system. As
was shown in Figure 3.25, some applications have well defined
velocity restrictions depending upon the quality of the pipework
construction. Also, throttle valves can be used to correct imbal-
ance caused by irregular fouling of different parts of the system.

5.1.5 Viscous and non-Newtonian liquids

In the earlier figures, the pump and system curves have been
representative of the relationships for centrifugal pumps and
water-like liquids. For viscous and non-Newtonian liquids the
curves have different shapes.

For viscous liquids the laminar flow regime is maintained at
higher flow velocities. The system curve thus becomes modi-
fied. The centrifugal pump H-Q curve falls off more quickly with
increased flow for higher viscosities.

High viscosity liquids are normally pumped by positive dis-
placement pumps. Rotodynamic pumps can handle higher vis-
cosity liquids by derating the pump, usually reducing the speed
to reduce the torque required. A common bench-mark used to
separate rotodynamic pumps, low viscosity, from positive dis-
placement pumps, high viscosity, is 300 ¢St. This is not an ab-
solute number; it depends upon the size of the pump and can

Viscous fiquids ~

Figure 5.16 Rotodynamic pump and system curves for more viscous liquids
compared to water

Pressure High
viscosity

Low
viscosity

gt

Flow

Figure 5.17 Rotary positive displacement pump and system curves for differ-
ent viscosities

be exceeded when circumstances necessitate using a
rotodynamic pump. The high viscosity tends to reduce the inter-
nal leakage, slip, of rotary positive displacement pumps making
them more efficient. High viscosity causes higher pipe losses.
The system curve becomes completely linear if laminar flow is
maintained at the duty conditions. The increased flow and in-
creased pressure means greater power requirements. See Fig-
ures 5.16 and 5.17.

The pumping of chemical paper pulp is an example of system
curves for non-Newtonian liquids, see Figure 5.18. The liquid
characteristics of pulp suspensions is reflected in the shape of
the system curve. The centrifugal H-Q curve also changes in
relation to that for water.

Since the pump’s operating point is always determined by the
equilibrium between the pump and system, the shape of these
curves is significant from the point of view of pump installation
performance. This applies also to the sensitivity to distur-
bances and part-load characteristics.

5.2 Pressure drop across valves
5.2.1 General

For pump installations which use valves as a means of control-
ling the flow, the pressure drop across the valves may consti-
tute a considerable proportion of the piping system head
losses. The system curve which is the basis for the determina-
tion of the required differential head for the pump, cannot be de-
fined with sufficient accuracy if the pressure drop across the
valves, particularly control valves, is not considered. The fol-
lowing considerations apply to the choice of valves and the
pressure drop across the valves for the purpose of determining
the required pump performance. A more detailed treatment of
flow control is to be found in Chapter 6, Flow regulation.

5.2.2 Isolating valves

Isolating valves are those valves which are intended to be ei-
ther fully open or fully closed. Isolating or stop valves are in-
stalled in an installation in order to make components accessi-
ble for service; to direct flow in another direction and for other
similar functions.

The key requirements of an isolating valve are low pressure
drop in the open position and good leak-free sealing in the shut
position. Information regarding the calculation of pressure drop
in the fully open position is given in Chapter 3. The most reliable
method, however, is to obtain the value of the loss coefficient A
or flow coefficient K, from the valve manufacturer.

5.2.3 Non-return valves

Non-return or check valves are installed in a pipe system in or-
derto prevent the reverse flow of liquids. There are many differ-
ent types of non-return valves available, and it is normal to se-
lect the one which gives least pressure drop. In some cases itis
necessary to have exceptionally fast-closing check valves.
These are biased, by means of spring loading for example, and
give rise to large pressure drops. These valves can also give
rise to tremendous pressure surges due to the water hammer
effects they create. Very slow closing valves are available spe-
cially designed to eliminate water hammer. Since the effective
flow area varies with the flow through the valves, the loss coeffi-
cient also varies with flow in non-return valves. Pressure drop
calculations are best made by using data supplied by the valve
manufacturer.

5.2.4 Control valves

The purpose of control valves, in contrast to the other valve
groups, is to create head losses and thereby regulate the flow in
the pipework system. The choice of valve is therefore made on
the basis of entirely different criteria than for isolating or non-re-
turn valves.
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5 Pumps and piping systems

Q

Figure 5.18 Rotodynamic pump and system curves for water and paper pulp

The principal requirements of a control valve are based upon its
regulating characteristics. These characteristics are also de-
pendent upon the interaction between the pump, control
valves, pipe system and other control equipment. The vaive
can only regulate flow by increasing the liquid velocity locally to
create a high pressure drop. The capability of the valve to regu-
late ceases when the pressure drop across the valve ap-
proaches zero. If it is required to sustain regulation capability
even at Quax, maximum flow in the proposed process, the valve
must have an available pressure drop at that flow which is
somewhat greater than that for the fully open valve position.
Control valves are sized so that they are never fully open or
closed; a 10% margin of travel at each end of the stroke is a
minimum safety margin.

The design of other control equipment is simplified if the flow
through the pipe system has fairly linear characteristics in rela-
tion to the position of the valve. This requirement also makes a
large pressure drop across the valve desirable at Qpax.

The flow through a valve is calculated using the formula:

e
Q = K, \/AE Equb.8
P
where:
Q = flow (m%s)
K, = valve flow coefficient (m?)
Ap = pressure drop across the valve (Pa)
P = density of the liquid (kg/m?3)

A measure of the valve capacity and size is its flow coefficient
Ay100 at the fully open position, 100% stroke. To make a rapid
assessment of a suitable valve size the following rule of thumb
is used:

Q

Koo 2 max Equ5.9
T o (0.1 Hyy + 0.3 hyy)
Kvigo = flow coefficient at fully open

position 100% stroke (m?)

Qrax = maximum flow with regulation
requirement (m3/s)

g = acceleration due to gravity (m/s?)
Hsat = system static head (m)
hppe = total head loss for pipe system

at Q.. excluding valve losses (m)

If the two sides of the equation are equal then this indicates that
the valve at full stroke would just precisely allow the flow Qmax to
pass through and constitutes a theoretical lower limit of valve
capacity.

The given pressure drop at Quax is @ compromise between,
achieving good regulating characteristics for the system with-
out using too large a valve on the one hand, and not necessitat-
ing too high an additional pump differential head with associ-

Kvmo E Kv100 h

K K,

f Linear ?‘ Equal percentage
KVO KvO

0 Stroke % 100 0 Stroke % 100

Figure 5.19 Linear and logarithmic control valve characteristics

ated pump and energy costs on the other. Control valves are
not sized by the pipe size. A control valve will frequently be two
sizes smaller than the pipe.

The next step is to select the valve characteristic. The two most
common are linear and logarithmic, equal percentage. In princi-
ple a valve can be given any characteristic by specially shaping
the internal components, the valve trim i.e. plug etc. The valve
is described as having a linear characteristic if its flow coeffi-
cientincreases in direct proportion to the stroke. If K, increases
logarithmically in relation to the stroke then the valve is referred
to as having an equal percentage characteristic.

Between these two types are valves with quadratic, V-port char-
acteristics. Many valves display characteristics which differto a
greater or lesser extent from these mathematically defined
forms.

The following rule of thumb is used as a guide when selecting a
suitable valve characteristic:

If the relationship between the valve pressure drop at Qp,,, min-
imum flow which is to be regulated, and at Q .« is less than 3, try
a valve having a linear characteristic. If ApQin/ApQmax >3,
choose a logarithmic characteristic.

With a lower limit of K100 and with a preferred valve characteris-
tic, a preliminary choice of control valve can be made. Alterna-
tives to A, are used in practice:

.} 108
K, = Q o m /yh _K,10 Equ5.10
\/ rH,0 | bar” 28
Dp-—2= -
r
r . 6
C, = QHO: us ng}:m'(vzlo Equ5.11
oo 0 L vs
r

In catalogues, the specified value for K, and C, are derived by
testing with water at 5 to 30°C, which must be considered when
selecting a valve for high viscosity or non-Newtonian liquids.

Having made a preliminary selection of pump and control valve
and after calculating the system curve excluding the valve, itis
possible to check the pump installation regulating characteris-
tics.

5.2.4.1 Calculation example

For a particular pump the system curve, excluding the valve, is
determined, using Figure 5.20 upper illustration. The flow is to
be valve regulated within the range 0.03 to 0.1m?3s. Select the
valve and pump size and check the regulating characteristics of
the pump installation.

At maximum flow with regulating requirements:
Qmax =01 m3/S, Hstat =18 m, hfpipe =20m

According to the rule of thumb, Equ 5.9, at Qmax

hy=(0.1-18)+(0.3-20)=7.8m
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Figure 5.20 Evaluating the regulating characteristics of the pump installation

Select a pump whose H-Q curve passes through the
point, H=18+20+7.8=458matQ =0.1 m¥s.

According to the rule of thumb, Equ 5.9,
0.1

Kopog 2
Vo™ jo81.7.8

From the pump and system curves the largest and smallest
pressure drop across the valves within the regulating range can
be read. The relationship between these is 35/7.8 = 4.5 whichis
> 3 and indicates a logarithmic valve characteristic. Choose a
regulating valve with K400 = 0.013 having a logarithmic charac-
teristic. Calculate the valve setting, percentage stroke, at vari-
ous flows by using the formula:

Q = Kv'Vg' hv

= 0.0114

s K
K, = Kg,-e——:In| 1% Equ5.12
v T e %100 ( Ky, ] a
where:
s = actual setting (stroke) (%)
Kw = flow coefficientats =0 (m?)

The calculated result is shown by the lower illustration in Figure
5.20.

In the example K= 0.04 - K,1q0, i.€. the valve regulating range
is 1:25. For comparison the pump installation regulating char-

n

N,

Figure 5.21 Maximum efficiency for centrifugal pumps at various specific
speeds

acteristics have also been calculated for a valve having linear
characteristics. For the linear valve:

S
100

The largest flow which can pass through the pump installation is
0.102 m%/s and corresponds to the valve fully open condition.
Within the regulating range the valve stroke varies between 35
and 96% of full stroke for the logarithmic valve. Corresponding
figures for the linear valve are 87 and 9%. The logarithmic valve
gives the instaliation an approximately linear characteristic.

K, = Ko+ (Kyigo = Kyo) Equ5.13

The chain-dotted curves in the lower illustration in Figure 5.20
show the installation’s regulating characteristics at constant
pressure drop across the valve, i.e. without considering the ef-
fects of the pump and the shape of the system curve.

Note that the pump data selected in the example neglects toler-
ances of the installation components, which is not to be recom-
mended in practice.

5.2.4.2 Summary

e The pressure drop across control valves can be consider-
able and cannot be neglected when determining pump op-
erating characteristics.

¢ The regulating characteristics of the installation determines
the pressure drop required across a control valve.

¢ The smaller the valve pressure drop in relation to the pipe
system losses, the more distorted the valve characteristic.

¢ Valve pressure drop must be “paid for” with increased pump
power and can generate considerable energy costs.

o Rules of thumb can never be applied universally.

+ All components in the pump installation are subject to cer-
tain hydraulic tolerances. Deviations from the nominal per-
formance for pumps, control valves and other fittings,
together with inaccuracies when calculating pipe losses
etc. are unavoidable and must be given careful consider-
ation. In valve regulated systems the control valve is the
component which is used to compensate for the component
tolerances.

5.3 Multiple pump systems

5.3.1 Series pump operation

Series pump operation is used when high differential heads are
required. Series operation is especially applicable for high dif-
ferential heads in combination with comparatively small flows.
By dividing up the differential head between more than one
pump, a higher specific speed, N, is maintained for each indi-
vidual pump, thereby increasing efficiency.

Multi-stage pumps are a compact, integral form of series con-
nection. Systems incorporating a number of pumps, where the
pumps are situated in close proximity to one another are simply
dealt with by calculating a common performance curve for the
complete “pump package”. The common pump curve is then
compared with the system curve.

For series operation the resultant H-Q curve is obtained by add-
ing the actual differential heads for each value of flow, Figure
5.22.

The resultant efficiency at various flows is calculated from the

relationship:

_r-g-Q(H +H,)
R+P

h Equ5.14

When two similar pumps are connected in series the same effi-
ciency curve applies for the “package” as for each separate
pump unless the liquid is very compressible. For very com-
pressible liquids, liquified gases are the worst, the flow throw
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Figure 5.22 H-Q curve for series pump operation

the second pump may be considerably smaller than the first if
the pump differential head is high.

The pumps P and P, shownin Figure 5.23 cannot operate indi-
vidually on the system because one pump does not develop
sufficient differential to overcome Hgy. Depending upon the
pump type and size, precautions may be needed to preventone
pump running without the other. The second pump may cavitate
if the first pump is not running and both pumps may overheat.
Instrumentation and control logic should be fitted to protect the
pumps. Itis possible to pump through a rotodynamic pump. The
head loss through a pump is proportional to the specific speed.
As the liquid flow through a pump increases it will begin to rotate
in the normal direction. The liquid and impelier angles will
match and the head loss will not rise as steeply. The pump
should not overspeed.

For most liquids, the same flow passes through both pumps.
The inlet pressure for P, is the pump outlet pressure of P4. The
pump pressure rating and shaft seals can therefore be affected.
The axial thrusts, which are dependent on the differences be-
tween the internal and atmospheric pressure, will also be differ-
ent for the two pumps. For low differential pressures, identical
pumps may be used. As the differential pressure increases, the
second pump may require significant modifications to accom-
modate the increased inlet pressure.

One very common occurrence of series operation is used to
overcome the problem of low NPSHa discussed in Section
5.1.3. Some rotodynamic pumps are required to produce very
large differential heads. Even with multi-stage pumps, 12
stages are common, the AH at normal motor speeds is not suffi-
cient. The pumps are driven at higher speeds by step-up gear-
boxes or by steam/gas turbines. The NPSHr of the pump in-
creases.

To overcome the problem, and to avoid very costly solutions
such as raising the suction source, a low power booster pump is
operated in series with the main pump. The function of the
booster is to supply NPSHa only. The differential head is there-
fore very small compared to the main pump and the power ab-
sorbed is low; efficiency is not really a consideration.

The booster pump would generally be a single stage pump, per-
haps double entry, running slowly to match the NPSHa. If the
main pump is geared up from an electric motor, the booster
pump may be geared down from the same motor. If the main
pump is turbine driven, the booster will probably be motor
driven. In this type of series pump installation the pumps will be
completely different, reflecting their respective functions.

Booster pumps are also used on positive displacement pumps.
Depending upon the nature of the liquid the booster pump may
be another positive displacement pump or a rotodynamic
pump. High pressure positive displacement pumps working

H Pt and P2
in series

I
!
!
|

I
[
[
|
I

Q
Figure 5.23 Pump nominal duty point for series operation

Pump t and 2 in parallel

Figure 5.24 Parallel pump operation

with water-like liquids may use a centrifugal pump booster to
provide adequate NPIPa.

Pumps handling more viscous liquids would use a low pressure
positive displacement pump. When two positive displacement
pumps are used, the booster should be oversized slightly to al-
low for wear. A back-pressure regulator and a relief valve
should be fitted to the inter-connecting pipework to prevent ex-
cessive pressures. It is also a good idea to fit a pulsation
damper, with extra gas volume, to reduce any pulsation levels
and function as an accumulator.

5.3.2 Parallel pump operation

For parallel pump operation, the resultant H-Q curve is ob-
tained by adding the actual flows for each head value, Figure
5.24.

Parallel pump operation is used to achieve large flows and deal
with greatly varying flows by operating a varying number of
pumps. The effect of parallel operation is dependent largely
upon the shape of the system curve.

For steep, friction dominated system curves only a small in-
crease in flow is achieved by parallel operation. A much better
effect is obtained if the system curve is dominated by static
head.

The pump’s specification, Q and H, is based upon the pump’s
nominal duty point, B in Figure 5.25. If only one pump operates,
the duty point will then be at point A. This can cause conditions
where there is risk of cavitation, because of the lower NPSHa
value at point A than at B, and risk overloading of the motor.
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I Flow for 2 pumps

Flow for 1 pump

| Flow for 2 pumps
Flow for 1 pump

Figure 5.25 Parallel operation of 2 similar pumps with different system curves

2 Q-value for
each increment

Figure 5.26 Unstable pump curve

The resultant efficiency curve for the “package” is calculated
from the relationship:

_roH@+Q) Equ5.15
R+P,

For two similar pumps the efficiency values are the same for
each separate pump except that the Q values are displaced by
a factor of two, Figure 5.25.

Unstable pump and shallow pump curves should be avoided
when pumping in parallel. In any case the intended operational
range should not fall within the unstable region without taking
special precautions. Special minimum flow valves or orifices
can be fitted to prevent the pump reaching the peak of the
curve. See Figure 5.26.

Typical problems which can occur include irregular flow due to
varying operational points and the inability of a pump to open
it's non-return valve when starting. Non-return valves are fitted
to prevent reverse flow through stationary or standby pumps.
Characteristic curves for positive displacement pumps are gen-
erally so steep that parallel operation causes no problems. Dif-
ferent types of pump can be operated in parallel to achieve the
best operating efficiency at all flows.

5.3.3 Pressure boosting

Pressure boosting pumps are primarily employed in long pipe-
lines and large circulation systems. A common problem is that
of pressure in a distribution network being insufficient for cer-
tain higher locations, for example, the water supply to high-rise
apartment blocks; or when an additional tapping point is con-
nected to an existing network.

Pressure boosting is a form of series connection where the
pumps are located at considerable distances from each other.
The advantages of pressure boosting are:

e Abetterdistribution of the specified pressure in the pump in-
stallation is achieved

+ Pump and energy costs can be reduced, (applies to
branched pipework systems), see Figures 5.27 and 5.28

In Figures 5.27 and 5.28, higher pressure rating may be re-
quired for the upstream section of the pipeline and pump for Al-
ternative |, or for the second pump in the event that the pressure
boosting for Alternative | is also divided into two pumps.

Branched pipework systems are usually sized by calculating for
the pressure requirements of the furthest tapping point. The re-
quired pump specification is therefore based according to this
pressure requirement and the total flow consumption. The ap-
plication of pressure boosting principles can provide an alterna-
tive, as illustrated by the following example.

Pump data for Alternative | becomes:
Q=1,H=05+05=1,P=1

Pump data for Alternative Il becomes:
Q1=1,H1=05+0.1=06,P1=0.6
Q2=05,H2=05-0.1=04,P2=0.20

The total installed pump power P = 0.80

The smaller power requirement for Alternative Il is explained by
the fact that the surplus pressure in pipe BC is eliminated. In al-

ternative | this excess pressure must be throttled to prevent tap-
ping point C from overflowing and reducing the flow at D.

Abetteritlustration of the pump’s operating situation is obtained
from drawing the pump and system curves. In Figure 5.29 the
respective pump and system curves are shown both separately
and in relation to each other. The curves are compiled in accor-
dance with Section 5.1.3. The points marked indicate the situa-
tion at the specified flow condition.

The H-Q diagram shows, for example, that pressure boosting is
not required at all for total flows Q << 0.46, even if the complete
flow is tapped off at D. The largest flow which can pass through
the pressure boosting pump is Q = 0.67. This occurs when C is
completely closed and is sized for the pressure boosting pump
motor. The largest flow at C, D completely closed, is=0.87. For
Q > 0.8, Hg < 0.25, then D is receives no flow unless the pres-
sure boosting pump is started.

Altl

Pressure

s Pipeline
Altll

_NM

_® Pipeline @

Figure 5.27 Schematic pressure distribution in a pipeline

C

Data supplied
Length Flow Hayge
AB 1 05
BC 05 0.1
8D 05 0.5

Figure 5.28 Example of conditions for pump sizing in a branched pipe system
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Figure 5.29 Operating conditions for pressure boosting example in Figure
528
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Start Hg = 0.46
C Stop at Hg > 0.46
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Figure 5.30 Installation of pressure boosting pump

The pressure boosting point can be controlled in the foilowing
way and is illustrated in Figure 5.30. To guarantee full flow at D,
Qp =0.5, independent of consumption at C, the pressure boost-
ing pump is started by a signal from a pressure sensor at the
branch point when Hg fails below 0.46 and is stopped when Hg
exceeds 0.46 by a certain margin. Within the range 0.19 <HB <
0.46, the total flow 0.46 < Q <0.87, a situation where flow Qp = 0
can occur.

The input power is transmitted to the liquid, the temperature
rises and the risk of seal leakage and damage due to cavitation
increases. Excessive temperatures can be avoided by means
of a temperature sensor which transmits a signal to a valve
which opens a by-pass line. To protect the pressure boosting
pump against cavitation in the event of low pressure on the inlet
side, which could occur if Pump 1 became damaged for exam-
ple, a pressure sensor is installed which stops the pressure
boosting pump when HB falls below the required cavitation
limit, Hemin-

The most energy conserving method of regulation would be to
control the speed of the pressure boosting pump according to
the constant pressure criteria in D.

5.3.4 Pressure maintenance

Pressure maintenance, as the name implies, is intended to sus-
tain a certain pressure in a pump installation or circulation sys-
tem. The liquid being pumped is often hot and, because of the
high temperature, has high vapour pressure. The pressure
maintenance prevents cavitation at high points in the pipework
and pumps, in other words cavitation is avoided. Pressure
maintenance also compensates for unintentional leakages and
makes up variations in the volume of liquid and pipework due to
changes in temperature and pressure.

Typical cases, where pressure maintenance is necessary, are
district heating networks and hot water circulation systems in
buildings. Pressure maintenance is carried out at a point in the
pipe network where it will be most effective, which will vary from
case to case. If the pressure maintenance pump is placed on
the suction side of the main pump then a constantinlet pressure
is maintained, whilst the outlet pressure varies with change in
flow and vice-versa.

The simplest method of providing pressure maintenance is by
means of a high-level tank. Ahigher pressure can be provided if
required by the introduction of a pressure maintenance pump,
Figure 5.31.

The by-pass line ensures a minimum flow to the pressure main-
tenance pump, even though no liquid is supplied to the main
pipeline, thus preventing unacceptable temperature rises in the
pump. The by-pass line can also be used to maintain constant
pressure for varying flows to the main pipeline.

The main line pressure is equal to the pressure increase due to
the pump plus the supply pressure. Constant throttling in the
by-pass line causes the pressure level in the main line to vary
by an amount AH dependent upon the flow in the main line. Vari-

-

J:_ Pressure
X @ maintenance
AN

] pump

ol

Main pipeline

Figure 5.31 Arrangements for pressure maintenance
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Fig. 5.32 Pressure maintenance pumps for different control methods
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Figure 5.33 lllustration of hydrautic tolerances
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able throttling enables constant pressure to be maintained, Fig-
ure 5.32.

Regulation of pressure maintenance can also be carried out in
other ways, for example, by throttling the delivery pipe or by
regulating pump speed.

5.4 Pump hydraulic data

5.4.1 Hydraulic tolerances
5.4.1.1 General

All components in the pump installation have tolerances in re-
spect of hydraulic performance. To ensure achievement of a
definite flow through the installation it is necessary to consider
the hydraulic tolerances when determining pump data, Figure
5.33.

Pump hydraulic tolerances are carefully set out in the pump
testing standards. The maximum permissible deviations from
the guarantee data are thus defined by specifying the Standard
according to which acceptance testing and approval is to be
carried out. Special conditions must however be agreed upon in
the case of high viscosity and non-Newtonian liquids.

It is however, considerably more difficult to determine the toler-
ance limits of the system curve, Hs,t. Examples of the toler-
ances which accumulate in the complete system curve are:

¢ Tolerances for pipe diameter

s Pipe bore roughness

e Valves, bends and fittings

¢ Flow meters and instrumentation

e Variable filter Ap

together with uncertainties in respect of the characteristics of
the process liquid at various temperatures and pressures, and
the methods of calculation.

Another type of uncertainty, when specifying the pump data, is
the future flow and head requirement. This is however, a ques-
tion which should be clarified before selecting a pump.
Rotodynamic pumps can be supplied so that additional impel-
lers can be fitted. Reciprocating pumps can be built to accom-
modate various sizes of pistons or plungers.

Because of the difficulty in determining the system curve toler-
ance limits a general allowance is often applied when calculat-
ing the necessary pump data. Such allowances are a safety
margin and provisions must be made to accommodate them
when they are not used usefully.

5.4.1.2 Rotodynamic pumps

The magnitude of hydraulic safety factors which are normaily
applied to the system requirements are:

e +5% of the calculated differential head due to losses other
than Hgt for pumps, P > 30 kW

e +2% of the required flow to allow for leakage (may require a
larger margin for large complex installations)

e +10% of the calculated differential head due to losses other
than Hg, for pumps, P < 30 kW

The percentage values given apply to Newtonian liquids. The
uncertainty increases in the case of non-Newtonian liquids.
The consequences of the allowances are illustrated as follows:

For a mass-produced centrifugal pump, class C, purchased ac-
cording to a catalogue curve, the tolerances for differentiai
head are + 6%. For a tolerance of + 8% for Hgy at the desired
flow, the allowance will be:

+/0.06% + 0.087 = 0.10 i.e. given as 10%

The calculation means that there is a 95% chance that the ac-
tual flow will be equal to the desired flow. The formula also as-
sumes that the production tolerances of the pump and system
are independent of each other and equally distributed about
their respective calculated values.

The smaller allowance, 5%, for larger pumps is influenced by
the stricter delivery tolerance requirements and more extensive
system curve calculation.

Another way of approaching the uncertainty of pump/system
matching is to specify two duty points. Arated duty and a nomi-
nal duty. The rated duty is the flow plus a leakage allowance at
the head required to cover all the highest losses. The pump
characteristic must pass through this point. The nominal duty is
the basic design flow without any leakage at the head required
for a new clean system. This point must be on or below the
pump characteristic.

Pumps built specifically for a project can have their characteris-
tics “fine tuned” to suit. Impellers can be machined to a specific
diameter and the vanes can be modified slightly in the eye and
at the tips to change the shape of the characteristic to some de-
gree.

5.4.1.3 Positive displacement pumps

For positive displacement pumps, which have very steep H-Q
curves, the system curve tolerances have little effect on the ac-
tual flow. The pump flow tolerances are completely definitive,
Figure 5.34.

The required flow will most certainly be achieved if the following
rules are applied:

e Specify the pump flow as -0% +3% of the design flow.
» Specify the pump suction pressure as the system minimum.

o Specify the pump discharge pressure as the system maxi-
mum.

Allowances must be made in the discharge system for
overpressure when the relief device operates.

The three rules may not work effectively if the liquid properties,
viscosity and compressibility, and the differential pressure vary

Pump

11
A — System

—\’/
X
1K

Pressure

e

Flow

Figure 5.34 lllustration of hydraulic tolerances for positive displacement
pumps
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over a wide range. The pump volumetric efficiency could
change dramatically resulting in a significant variation in flow.
Liquids such as lubricating oils, when the operating tempera-
ture range is wide, and liquefied gases, are likely to create prob-
lems. Failure to specify the full working pressure range, suction
or discharge, could result in the incorrect selection of ancillary
products such as pulsation dampers.

To operate any pump at the best efficiency, whether or not the
system characteristic is difficult to predict accurately, select a
pump which can be adjusted, on site, when the actual equilib-
rium point can be measured during initial operation. impeller di-
ameters can be reduced, piston/plungers increased or re-
duced, or the pump speed can be adjusted. Vee-belts and
timing belts are very useful for implementing small changes in
speed; the smallest pulley can be specially manufactured to
give the desired ratio. The energy cost saving in a single year
may easily pay for the extra components. Oversized pumps
waste a lot of energy.

5.4.2 Pump H and Q at maximum efficiency nnax

On the basis of the installation liquid requirements the mean
flow Q, and maximum flow Qn.x are determined. Then:

Hamex = Haa + Nigige + 0 + Py Equ5.16
where:

Homax = the pump head at Q_,, (m)

Hsat = static head (m)

hwiee = head losses in the pipe system excluding the

control valve at Q,,, (m)
hy = pressure drop across control valve at Q,,, (m)
ho = allowance for hydraulic tolerances at Q_, (m)

In this way a point Qmax/HQnmax is established on the intended
pump H-Q curve, see Figure 5.35. Except in the case of on-off
control systems however the pump will very rarely, if ever, be re-
quired to operate at this point. The pump operating point, de-
sign point, nmax, should preferably occur at a lower flow, as near
to Qn as possible. If the difference between Quax and Q,, is
great, more than 15%, and if Q,, is chosen to coincide with the
pump’s nmax then there is risk of over loading the pump at Q.
Normally, however, a flow which is 20% greater than the design
flow is not considered to present any problem for rotodynamic
pumps providing the manufacturer is consulted and power is
available.

Using the above, the following rules of thumb are given for the
determining of pump hydraulic specification data for continu-
ously regulated pump installations.

¢ Determine Q, and Qmax according to the process require-
ments.

¢ Calculate Hgmax-

H Hpump

\Homax
~ -

——hyol

n ”
p}/ __Y=hy
/ —hy
NPSH ° Pipe
~ requir:d; ./ y
/ .\o—.-’. '_Hstat
Flow Qnm Qmax

Figure lllustration of recommended pump data

e Select a pump which can cope with Qmax, Hamax. The
pump’s nmax should lie as near to Qn as possible

e Check the risk of cavitation, NPSHrqmax, and the required
shaft power at Qmax. Check with the pump manufacturer if
there are any other reasons which may prevent operation at
Qmax-

The matching of pump flow to Qmax when the production toler-
ances are known can be accomplished by:

¢ Remachining the pump impeller(s)
+ Constant throttling or by-pass
¢ Speed matching (beilt or gear drive)

5.4.3 Minimum pump flow

There are many reasons why it is necessary to ensure a mini-
mum flow for a rotodynamic pump:

¢ Heating of the pumped liquid.
* Increased cavitation risk when Q approaches zero.
¢ Increased vibration levels when Q approaches zero.

e Axial thrust and radial force on the pump impeller are great-
estatQ=0.

» The power required for an axial pumps is greatest
atQ=0.

Pump efficiency is low in the vicinity of zero discharge, Q = 0.
Most of the power is converted to heat, which must be carried
away by the pumped liquid, Figure 5.36. The increase in tem-
perature of the pumped liquid can be calculated from the rela-
tionship:

g-H 1

AT =25

1 _P(1-h)
c h

_1)=
) P Cy-Q

~ Q=0 Equ5.17

T
1]

differential head (m)

acceleration due to gravity (m/s?)
specific heat (J/kg °K)

«
l

(o]
[’
°

1l

Q

Figure 5.36 Temperature rise of liquid when pumping near to the point of zero
discharge
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Figure 5.37 Power curve for axial pump
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n = pump efficiency

Q = flow through pump (md/s)
p = density of liquid (kg/m?)
P = supplied shaft power (W)

AT increases rapidly as the flow through the pump approaches
zero (Q -0, n — 0). Apart from increased material stresses
due to temperature rise, the vapour pressure of the liquid also
increases with corresponding cavitation risk and the shaft seal
liquid film is also in danger, so that a breakdown of sealing func-
tion may be imminent.

For axial pumps, propeller pumps and pumps with high specific
speed, the required shaft powerincreases as flow decreases at
constant speed, Figure 5.37.

By having a specified minimum flow through the pump a smaller
motor can be used without risk of overloading.

5.4.3.1 Devices for obtaining a minimum flow

Aminimum pump flow at Q = 0 in the system can be maintained
by introducing a by-pass line into the system, (see Figure 5.38).

The return line should return the liquid to the pump sump in or-
der that a large liquid volume should be available if circulation
pumping is protracted. The by-pass flow can be controlled in
various ways:

¢ Constant throttling

o Loaded check vaive

¢ Pressure sensor after the pump

¢ Flow sensor in the main line

¢ Temperature sensor after the pump

In cases employing constant throttling, such as an orifice plate
or locked needle valve, a certain flow will pass through the
by-pass pipe even at Qnmax in the main line and should then be
added to Qumax when defining the pump size. A loaded non-re-
turn valve or pressure sensor requires a stable pump curve
whose differential head falls continuously as pump flow in-
creases.

In the case of positive displacement pumps a relief valve or
other overpressure protection device must always be provided
as protection against blockage in the discharge line. Flow regu-
lation cannot be carried out by throttling in the main line. Regu-
lation of fixed speed pumps is usually by means of a by-pass
line. Other alternatives are speed regulation and variable dis-
placement.

NOTE: Speed regulation using variable frequency inverters to
supply standard squirrel cage motors is popuiar due to
ease of use, wide choice and efficiency. Variable speed
pumps can overcome ali system mismatch problems,
usually very efficiently. Introducing a variable fre-
quency inverter into an existing fixed speed installation

| &

may cause problems. Inverters can produce unex-
pected electrical side effects. The best solution is to
ask the motor supplier to supply an inverter. Then the
supplier is responsible for the inverter and the motor
with no divided warranty problems resulting.

5.5 Water hammer

5.5.1 Hydraulic gradient

In order to obtain a better understanding of the distribution of
pressure throughout a pump installation, use is made of the hy-
draulic gradient. By definition, for a pressure head H:

1

P

H, :6+z Equ5.18
where:

H; = pressure head above liquid surface (m)

p' = static pressure above atmospheric (Pa)

p = density of the liquid (kg/m?)

g = acceleration due to gravity (m/s?)

z = elevation above liquid surface (m)

In this method of representation the pipeline inner positive
pressure is the difference between the Hi-line and the elevation
of the pipeline, see Figure 5.39. The Figure also shows a high
point where there is negative pressure, that is below atmo-
spheric pressure. Parameters which should be observed are
the prevailing inner positive and negative pressures as regards
sizing for stress and margins of safety against the risk of cavita-
tion. The cavitation risk is greatest in pumps, valves and other
installation components having restricted sections together
with high points in the system.

The hydraulic gradients for steady flow take on different ap-
pearances for different operating points. The extreme value for
the Hyline often occurs, however, in conjunction with ioad
changes associated with a transient, a time dependent pro-
cess.

H-line Negative
Valve pressure
pressure s
i drop ¢ Head
Pump loss
differential p * —
head P
o
e9 Pipeline

H, for open
valve
(before
closing
begins)

Figure 5.40 Pressure head lines for closing valve
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When closing a valve the pressure increases in front of the
valve, see Figure 5.40. Increasing pressure gives rise to a pres-
sure wave, which travels through the pipeline at the speed of
wave propagation “a”. The magnitude of the wave speed “a” is a
function of the liquid and the pipe. Pressure waves would nor-
mally travel at the speed of acoustic waves in the liquid, whichis
a function of the liquid properties only.

g
c = \15 Equ5.19
P
where:
o = acoustic velocity (m/s)
K = liquid bulk modulus (Pa)
P = liquid density (kg/m?®)

Water has an acoustic velocity of approximately 1450 m/s.
Constraining the liquid within a pipe reduces the acoustic veloc-
ity because of the flexibility of the pipe wall, see equation 5.20.

—_—
a= 1—19* Equ5.20
e+ o—(d, -d)
K 8E
where
a = wave speed (m/s)
9 = acceleration due to gravity (m/s?)
w = specific weight (N/m®)
E = Young's Modulus of Elasticity of the pipe
(N/m?)
do = pipe outside diameter (m)
d; = pipe inside diameter (m)

The elasticity of the pipe wall has a significant effect on the
wave speed, but air or gas bubbles have a much more severe
effect and can reduce it to 100 m/s. The pressure wave is re-
flected at the end of the pipe as a negative pressure wave, re-
turns to the valve, is reflected again and so on. In this way a pro-
cess of pressure oscillation is set up in the pipeline and
continues, even after the valve is completely closed, until the
oscillations are dampened out by friction. The hydraulic gradi-
ent lines Hymax and Hymin connect the highest and lowest pres-
sures which occur at different points along the pipeline during
the oscillation process. The greatest pressure variations are to
be found in the valve and occur when the valve is closed rapidly.
The greatest amplitude of pressure surge is:

APpox = p-a-v Equ5.21
where:
APmax = Max. pressure variation (Pa)
= density of the liquid (kg/mq)
a = speed of wave propagation (m/s)
v = velocity of flow before valve begins to close
(m/s)

Forwaterin steel pipes p=1000kg/m3, a= 1100 m/s, and a flow
velocity of 1 m/s creates, for rapid valve closing, a water ham-
mer pressure of 1.1 x 106 Pa = 11 bar = 110 m. The pressure
process at the valve cannot be affected before the pressure
wave has been reflected from the end of the pipe and returned
to the valve. This time is referred to as the pipeline reflection
time and is designated t..
L

t, = 2=
a

Equb5.22

where:
t = pipeline reflection time (s)
L = the pipe length (m)
a = wave speed (m/s)

If for example the length of pipe is 1100 m, thent, =2 s. All valve
closing times <2 s thus give maximum water hammer pressure.

For a plastic pipe Apmax = 3 x 10° Pa= 30 m s obtained for valve
closing times < 7.36 s. Increasing the closing time reduces the
magnitude of water hammer and very slow closing valves resuit
in no line shock at all.

5.5.2 Causes of water hammer

Water hammer in pump installations is caused by changes in
flow and especially by rapid flow changes. Rapid flow changes
occur during:

e Rapid valve movement
« Starting and stopping of pumps
e Special situations

Since the shock of water hammer can reach considerable mag-
nitude there is risk of damage to the pump installation. Apart
from the pressure oscillations which occur with normal varia-
tions, the prediction of unintentional operational conditions
must also be considered. Accidental pump stoppage caused by
a power failure or power cut is one such situation which a pump
installation must contend with sooner or later. An estimation of
the magnitude of the line shock must therefore be carried out
for every installation.

Water hammer caused by cavitation in the pipeline is difficult to
estimate. If the absolute pressure somewhere in the pipeline is
allowed to fall below the vapour pressure of the liquid, vapouris
formed in the pipeline. The original column of liquid divides it-
self into two which, with different speeds and separated by a
growing vapour bubble, flows on through the pipeline. Eventu-
ally the two columns of liquid begin to approach each other
causing the vapour bubble to implode as the liquid columns re-
unite, resulting in a large pressure surge. The magnitude of the
water hammer shock depends upon the instantaneous differ-
ence in velocity of the two columns of liquid at the moment when
they reunite, which, in the worst case, can be greater than the
steady flow velocity in the pipeline.

Cavitation in pipelines must, therefore, be avoided which also
underlines the need to control Hyyi,. The risk of unacceptable
negative pressures are greatest at high points, downstream of
valves and pumps and in long suction lines.

The following situations are especially susceptible to water
hammer:

e Cavitation due to heating or insufficient cooling in thermal
installations

+ Trapped air-pockets; pump starts against closed or nearly
closed valves in an insufficiently vented system

¢ Automatic re-start of pump, which rotates backwards after a
power failure or after reverse flushing

e Acoustic resonance effects due to periodical disturbances
caused by valve oscillations, pump vane passing fre-
quency, positive displacement pump flow variations

5.5.3 Pump behaviour after power loss

5.5.3.1 Pump curves

The pump is sometimes compelled to operate at abnormal op-
erating points especially in the case of pump installations with-
out a non-return valve. Multiple rotodynamic pump installations

with parallel operation always have non-return valves fitted to
prevent reverse flow back to suction through any stationary
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Figure 5.41 Complete performance curves for a centrifugal pump
(H = differential head, Q = flow, n = speed, M = shaft torque)

+Q
M=0
o
H=0 ’ H=0
wed
b2
n | | 0
: 1 .,
%"-gﬁ) /
/o
-Q

Figure 5.42 Possible centrifugal pump operating conditions

pumps. Single rotodynamic pump installations must have a
non-return valve fitted when there is positive static head in the
discharge system. Reciprocating pumps do not usually need
non-return valves unless a by-pass is used for starting.

Other types of positive displacement pumps may need non-re-
turn valves, so consult the pump manufacturer when system
characteristics are known. Reverse flow can occur in the event
of power failure for example. Inasmuch as reversal of flow or di-
rection of rotation are occurrences which must be considered, a
knowledge of pump curve behaviour under these conditions is
advisable.

Figure 5.41 shows that a normal centrifugal pump possesses
limited pumping capacity even when rotating in the reverse di-
rection and that it functions exceptionally well as a turbine. Val-
ues of negative Q indicate reverse flow through the pump. Val-
ues of speed, n < 0, indicate reverse rotation of the pump.
Reverse rotation can be incompatible with shaft driven oil
pumps resulting in considerable damage to mechanical seais
and bearings; overspeed may alsoc damage the pump. Pumps
with low specific speed tend not to overspeed; overspeeding
can be a serious problem with high specific speed pumps.

An important consideration from the point of view of water ham-
mer is the rapidly increasing pressure differential across the
pump which occurs with reverse flow and pump speed. Another
way of illustrating a possible pump operating condition is shown
in Figure 5.42.

H_ =82m
H., .=TTm /
h,=5m ;

L=42Tm

e

Figure 5.43 Transient process during power failure conditions at pump

+Q

-H
Figure 5.44 Steady, initial and final conditions during power faiture

5.5.3.2 Pump stops without non-return valve

The transient process in the event of power failure is illustrated
by an extreme example, see Figures 5.43 and 5.44. The instal-
lation is equipped with a slow-closing valve which remains open
during the process.

When the driving torque fails, the impeller is braked by the hy-
draulic torque. The decreasing speed also reduces Q and H for
the pump. The flow through the pump changes direction whilst
the speed is still positive. The pressure in the pump reaches its
maximum value. The direction of rotation also changes a few
seconds later. Very high pressures occur in the pump when re-
tarding reversed flow at high reversed speed.

The pressure oscillations are eventually dampened out and a
steady flow condition is obtained. The pump reaches its
so-called runaway speed.

5.5.4 Protection against water hammer
5.5.4.1 Protection equipment

Protection equipment is necessary when the pump installation
would be damaged by the resultant:

e Excess pressure

« Risk of cavitation

» Negative pressure in the line
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a

Figure 5.45 Pump instailation with slow-closing valve

Figure 5.46 Pump installation with non-return valve

¢ Reverse running and overspeed

Rotodynamic pumps should usually be fitted with non-return
valves; this is not considered protection in this context. Installa-
tions subjected to repeated water hammer must be designed to
withstand fatigue.

Detailed water hammer calculations are complicated and
costly. Specialist consultants can be employed to investigate
the effects and make recommendations for protection. This
raises the question as to when a detailed investigation is neces-
sary. For certain installations simple estimations can give anin-
dication as to the magnitude of water hammer.

5.5.4.2 Valve closing time T

in Figure 5.45 the pump starts and stops against a closed valve.
The pressure changes at the valve in connection with closing
can be approximated by:

saH =2V qrria by
gT a Equ5.23
+AH =2 forT<2 L
g a
where:
L = pipe length (m)
v = initial flow velocity (m/s)
g = acceleration due to gravity (m/s?)
T = valve closing time (s)
a = wave speed (m/s)

The above formula assumes a linear valve closing characteris-
tic, i.e. linear reduction in flow in relation to time.

5.5.4.3 Pump stops with non-return valve

In Figure 5.46 the pressure changes with non-return valves in
conjunction with the pump stopping are approximated by:

2
v.-L H

Equation 5.24 does not apply to special non-return valves
which have delayed action and/or anti-slam features.

Calculation example:

The following data applies to a pump installation with a non-re-
turn valve; pipe length L = 1700 m, delivery head H = 22 m and
flow velocity v = 1.3 m/s in the pipeline. Estimate the magnitude
of pressure surge when the pump stops.

2
H = pump delivery head (m) \
K N\
I %
C \.
’ 15} \
\-.
1+ e \\
| 2l \
0 / L S || B [ ——
0.4 0.3 0.2 0.1 0 0 1000 2000
H/L Pipe length L (m)
Figure 5.47 Values for C and K in Equ 5.24
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Figure 5.48 Reviewing hydraulic gradients

L=1700m K =11, H/L=22/1700 > C =1

Then according to equation 5.24

S
gl 11
1.3-1700 22

5.5.4.4 Pump stops without non-return valve

TAH = 37Tm

The installation is the same as in Figure 5.45. The pump stops
because of power failure. The slow-closing valve remains
open.

if hi > 0.2 Equ5.25
H
then
Hyna < H
where:
hy = pipe system head loss (m)
H = pump delivery head (m)

The size of the pressure puise, -AH, is estimated from Equ 5.24
using the values from figure 5.47.

5.5.4.5 Hydraulic gradients

The rules of thumb take no account of the shape of the hydrau-
lic gradient along the pipeline. The gradients shown in Figure
5.48 are based on estimates derived from experience. It is,
however, possible to conclude that there are definite risks of
cavitation in the case of the pipeline shape as represented by
the continuous line. The chain-dotted line routing eliminates
this risk. It then remains to be shown whether or not Hya, at the
valve is acceptable.

By means of these simple estimations it is possible to judge
many non-critical cases, usually having short pipe lengths and
low flow velocities. In cases of doubt it is advisable, as the next
stage of investigation, to refer to the sizing diagrams which are
published in technical literature etc. These cover more thor-

LIBERTY EXHIBIT 1014, Page 201

PUMPING MANUAL International 171



5 Pumps and piping systems

ough calculations for pump stops without non-return valves for
certain simple pump installations and also quote figures for
Himax @and Himin at mid-point in the pipeline. (See work by Kinno
and Kennedy.) If there is still cause for doubt then the only solu-
tion is to carry out a detailed digital computer simulation using
the Method of Characteristics. See also work by Parmakian, or
an analogue computer simulation.

5.5.4.6 Protection equipment

Water hammer is avoided during normal operation by ensuring
that load changes are carried out sufficiently slowly. Starting
and stopping of pumps is carried out against closed valves
and/or by using by-passes. Extra protection equipmentis there-
fore usually installed in order to protect the pump installation
against power failure.

A large proportion of protection equipment attempts to elimi-
nate the basic cause of water hammer, namely the too rapid
flow reduction resulting from a power failure.

A surge column of sufficient diameter and height provides good
protection, see Figure 5.49. In the event of power failure the
non-return valve closes and isolates the pump from the pipe-
line. Liquid from the surge column flows out into the pipeline
and prolongs the retardation process, weakening the negative
pressure wave. The column refills when the flow in the pipeline
has changed direction. The mouth of the column can be throt-
tled to increase dampening in the system. A disadvantage of
the surge column is that it must be at least as high as the maxi-
mum pressure head at the non-return valve. This problem can
be avoided by means of an air chamber, Figure 5.50.

During normal operation the air pressure in the air chamber is
equal to the pump delivery head. When pumping stops liquid
flows out of the air chamber and the air pressure reduces. The
greater the volume of air the smoother the process. The system
can be suitably dampened by throttling the chamber at the flow
inlet. Adisadvantage with the air chamber is the need to provide
a compressor to replace the air which is dissolved in the liquid
and carried away in the pipeline. This may still be considerably
cheaper than building a much taller water column.

The problem of air dissolution in the water can be greatly re-
duced by using a proprietary surge arrester which uses a nitro-
gen charge stored within an elastomer envelope. Direct con-
tact of gas and water is eliminated. The elastomer envelope is
not 100% gas tight and a very small gas loss is experienced.
The gas volume can be topped up as necessary during routine
maintenance.

The retardation of the pump rotor is also affected by the mo-
ment of inertia of the rotating parts. By fitting the pump with a fly-
wheel (Figure 5.51) it is possible to prolong the run-down time.
The method is most effective for high speed pumps and moder-
ate pipe sizes. A disadvantage is increased starting difficulties.
The starting problems can be alleviated by using modern soft
starters. Variable speed pumps should not have starting prob-
lems.

With low or negative static heads there is a risk of negative
pressure on the pressure side of the pump. The pressure drop
across the pump is reduced by means of a by-pass line to aug-
ment forward flow when the pump has stopped, Figure 5.52.

The other main group of protection equipment is intended to
eliminate water hammer at a somewhat later stage of the tran-
sient process.

Negative pressure, with the associated cavitation risks can be
avoided by placing a surge tank at critical points ( Figure 5.53).
In the event of negative pressure, liquid flows from the tank into
the pipeline. The tank is refilled during normal operation via a
separate level controlled filling line.

An alternative method is to let air into the pipeline when the
pressure falls below atmospheric pressure. The pipeline must

= 1

Figure 5.49 Surge column

S~

[

./

Figure 5.50 Air chamber

be vented, however, prior to re-starting. In installations having
large static delivery heads it is often the excess pressures
which occur upon reversal of the liquid column and in bringing it
to rest, which are most critical. These pressures can be re-
duced with the aid of control valves, (Figures 5.54 to 5.56).

In order not to amplify the initial pressure wave, the negative
pressure wave, the controlled by-pass valve remains closed, in
principle, until the flow at the pump is reversed. It then opens

Iy

Figure 5.51 Pump with flywheel

\

Figure 5.52 Pump with reverse by-pass

Figure 5.53 Surge tank

LIBERTY EXHIBIT 1014, Page 202

172 PUMPING MANUAL International

gs to Robert Durham (rdurham@thewaylabs.com)



5 Pumps and piping systems

Figure 5.55 Controlled valve in by-pass line

[ 1,

Figure 5.56 Controlied valve in main line

rapidly, thereby relieving pressure in the pipeline and finally it
closes slowly.

The controlled valve in the main line should remain open until
the flow at the pump reverses. It then closes rapidly to its opti-
mum position, ideally to retard the reversed flow with optimum
distribution of pressure drop between the pump and valve.

Pump reverse rotation can be prevented by means of areverse
running clutch, Figure 5.57. The reversed pump flow is then re-
tarded more smoothly and the pressure surge is dampened.
The risk of reverse overspeed is eliminated.

Apart from the pure pressure surge dampening characteristics,
the choice of protection equipment is also affected by other fac-
tors; for example, liquid characteristics, construction, mainte-
nance and procurement costs. Each case must be judged onits
own merits as to the most suitable choice.

5.6 Pressure pulsations

As shown in Section 5.5, pressure surges can occur due to iso-
lated operating conditions such as start-up, shut-down and
valve operations. These are not the only conditions under
which rapid pressure changes occur. Some systems run con-
tinuously with pressure pulsations.

5.6.1 Rotodynamic pumps

It is generally thought, and often stated in literature, that
rotodynamic pumps produce a continuous steady flow pattern
without pressure pulsations. Axial flow pumps probably come
closest of all rotodynamic pumps to fulfilling this requirement;
mainly because of the low differential head produced.

Mixed flow pumps tend to be used for low differential head ap-
plications with high flow rates and consequently have wide im-
peller tip widths. Wide impeller passages, in the axial direction,
produce uneven velocity streams with the liquid. The liquid
leaving the pump discharge connection is not a steady stream
but a mixture of several flow streams. As the liquid flow pattern
stabilises in the discharge pipework, pressure pulsations and

- A

Figure 5.57 Effects of reverse running clutch

flow variations can be measured. If flow measuring devices are
to be used close to the pump discharge some form of flow
straightening may be necessary.

Centrifugal pumps operate at a wide range of speeds. As speed
is increased the circumferential flow pattern between adjacent
vanes is modified. Liquid tends to be forced closer to the ad-
vancing vane and dragged away from the receding vane. It has
been suggested that the flow between a pair of vanes will seg-
regate into three distinct flow streams moving at different veloc-
ities. The action of one or two cutwaters produces additional
pulsations. It has been proposed in new test standards that
fluctuations in flow readings of + 3%, smallest tolerances, are
acceptable. Obviously flow variations of this magnitude will
have associated pressure pulsations.

Centrifugal pumps can have additional problems. When oper-
ating at low flows some pumps surge in the suction pipework
due to recirculation in the impeller eye. Pump manufacturers
should be able to quantify the onset and magnitude of suction
surge.

5.6.2 Positive displacement pumps

The flow variations of reciprocating pumps are well docu-
mented, even if incorrectly. These flow variations are of suffi-
cient magnitude to produce pressure pulsations which create
pipework vibration which do not require special instrumentation
to detect. Some other positive displacement pumps produce
pressure pulsations. Lobe pumps and gear pumps with few
teeth deserve special attention.

Newer test standards recognize the problems caused by pres-
sure pulsations and include test requirements. However, test-
ing on any test rig will not reproduce site conditions or site pul-
sation levels. Pressure pulsations can be amplified by pipework
resonance and cause severe problems. Problems with site
pipework can only be detected by computer simulation or site
operation.

Most pressure pulsation problems can be controlled by pulsa-
tion dampers, see Chapter 11, Section 11.6, or by simple
pipework modifications to eliminate resonance. The propri-
etary gas-charged surge arrester, mentioned in Section
5.5.4.6, can also be used to attenuate pressure pulsations cre-
ated by continuous cyclic flow variations. Surge arresters can
be sized to provide an attenuation up to 90%. Correct sizing is
dependent upon a fairly accurate prediction of all operating
pressures.

5.7 Useful references

Water Hammer Control in Centrifugal Pump Systems, H.
Kinno, Journal of the Hydraulics Division, May 1968, pp
619-639.

Water hammer analysis, J. Parmakian, 1963, Dover Publica-
tions, New York.
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Water — Hammer Charts for Centrifugal Pump Systems, H.
Kinno & J.F. Kennedy, ASCE Journal of the Hydraulics Divi-
sion, 1965.

Water — Hammer Charts for Centrifugal Pump Systems, (H.
Kinno & J.F. Kennedy, ASCE Journal of the Hydraulics Divi-
sion, 1965.

Fluid transients in systems, E. B. Wylie, V. L. Streeter,.
(1993), Prentice Hall, New York.

Hydraulic analysis of unsteady flow in pipe networks, J.A.
Fox, 1987, MacMillan Press Ltd, London.

Simple Guide for Design of Air Vessels for Water Hammer
Protection of Pumping Lines, Journal of Hydraulics Engineer-
ing, D. Stephenson, (Director, Water Systems Research
Group, Univ. of the Witwatersrand, P.O. Box 277, WITS

2050, South Africa), Volume 128, Issue 8, pp. 792-797 (Au-
gust 2002).

Simple Guide for Design of Air Vessels for Water Hammer
Protection of Pumping Lines, D. Stephenson, Giuseppe De
Martino et al., Journal of Hydraulics Engineering, 130, 273
(2004).

Simple Guide for Design of Air Vessels for Water Hammer
Protection of Pumping Lines, D. Stephenson, Journal of Hy-
draulics Engineering, 130, 275 (2004).

Practical designs against pump pulsations, M. Corbo, C. F.
Stearns, Proceedings of 22nd international Pump Users
Symposium 2005

Contractual and physical risks from water hammer, Geoffrey
Stone, World Pumps, February 2006.
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6 Flow regulation and control

6.1 Introduction

When dealing with liquid transportation, a pump installation is
sized to handle a maximum flow which, in practice, might never
occur. This principle of sizing is nevertheless correct, since in-
adequate pumping capacity on isolated occasions can lead to
the most damaging consequences. It is also obvious that sensi-
ble ways of varying the flow are important, not only for the func-
tioning of the pump installation itself but also for the process for
which the pump is included as a major or minor component.

Plant procurement costs generally amount to a small propor-
tion of the total pump investment cost of a plant. But not always!
Some pumps cost over $2M each and the remainder of the in-
stallation is just pipework. In most installations the functional
quality of the pump may be the critical factor for the overall op-
eration and its associated running costs. Advanced methods of
flow control, e.g. speed regulation of pumps, are nowadays the
best methods of varying the flow, but with the disadvantage that
initial investment costs for the pump equipment are increased.
The advantages are reduced running costs overall, smailer re-
quirements for storage tanks and sumps, smaller electric ca-
bling, and a reduction in starting current.

With existing installations, the method of flow regulation affects,
most of all, the energy costs. As a result of increasing energy
costs, the optimum methods of pump control have changed
greatly from those with low initial costs and high energy con-
sumption to those with relatively high investment costs and
good power economy. For pumps with a power requirement
greater than 10 kW, it will even now be beneficial to convert to
more power-saving methods of regulation. See also Chapter
14,

Pump flow can be controlled in steps, discrete flow regulation or
smoothly, continuous flow regulation or infinitely variable flow
regulation. Combinations of the two methods are also used.
The choice of method is determined by the overall requirement
of the pump installation, variation of flow, timescale, operating
economics, initial cost and technical possibilities.

In this Chapter, pump, may also mean pumps, for example mul-
tiple pumps of the same size operated in parallel. When the de-

H| Pump curve
_\ System curve
@'
\
|
/ |

Operating point Q

Figure 6.1 The operating point of pump and system

Volume
flow

Time
Pr’l.""{: considereg

Figure 6.2 Flow demand as a function of time, running curve

tailed description of the installation is explained it will become
obvious whether a single pump or multiple pumps are involved.

The operating point of the pump at a particular speed is the in-
tersection of the system characteristic and the pump curve as in
Figure 6.1. At this point, the energy dissipation of the system is
equal to the energy supplied by the pump.

6.2 Variable flow requirements

Whether or not a pump needs flow regulation is dependent
upon the pump type and the nature of the process involved. The
pump flow may not match process demands because of:

o Safety margins and hydraulic tolerances
¢ Failure to utilise full production capacity

¢ Variations in requirement caused by climatic variations, e.g.
summer, winter, rain, drought

e Variations in production processes

Flow variation with time can be described either by a running
curve, Figure 6.2 or by a constancy curve, Figure 6.3.

In the constancy curve, time has been summated for all periods
of flow having the same magnitude. A point on the constancy
curve gives the time during which the flow at least amounts to a
particular value.

Constancy curves can be made up for various periods of time
ranging from a full 24 hours to the lifetime of the installation.
Constancy curves are usually made up for a period of 1 year.

Unfortunately, constancy curves are not that easy to compile,
but a simple analysis of the actual liquid transportation often
gives adequate guidance for the determination of maximum,
minimum and average flow. The mean flow, for example can be
determined from the annual production capacity and maximum
flow from peak consumption.

The pump size is obviously determined by the maximum flow
figure, whereas pump economy is determined by the duration
of flow. Economic assessments are easily made if the volume
flow is known at 100%, 50% and 0% constancy. It would be
even better, of course, if the values at 25% and 75% are also
known.

The following simple equation is obtained by the use of
Simpson's Rule for integration:

1 2 1
Qmean = E'Q'IOO+§'Q50+6'QO EqU61
where:

Qmean = mean flow (m¥/s)

Qo = flow at 100% constancy, i.e. the flow taking
place 100% of operational time (Qq, = Qi)
(m3/s)

Qs, = flow at 50% constancy (m¥/s)

Volume |

flow |

i i
|

Time

Operational time |
- -
Period considered
- S—

Figure 6.3 Constancy curve for flow
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Flow
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Figure 6.4 Graphical representation of Equations 6.1 and 6.2

Qo = flow at 0% constancy (Q, = Q,,,,) (M*¥/s)
or if more points on the curve, see Figure 6.4, are known:
1 1 1 1
Quean :E'QOO+E'Q75+E'QSO+§'Q25 Equ6.2

where Q75 and Qs are expressions for the flow at 75% and 25%
constancy.

6.3 Flow regulation

6.3.1 Methods

As Table 6.1 shows, flow can be regulated in many ways. Throt-
tle regulation, by-pass regulation and overflow by-pass regula-
tion all mean that the control takes place outside the actual
pump itself. Some of the flow produced by the pump is thrown
away, wasting energy.

Method ‘ Advantages Disadvantages

Discrete variations

| Flow surges, water
hammer, wear and tear on
switchgear

Start-stop control Cheap, easy to operate

Flow surge problems
eliminated with slow acting
. valve

! Relatively cheap, easy to

On-off by-pass return operate

i Must stop to change speed,
limited number of speed
options, flow surges, water
hammer

Relatively cheap, easy to

Pole-changi ts
ole-changing motors operate

Must stop to change speed,
flow surges, water hammer,
may need maintenance
staff intervention (1)

Multi-speed gearbox Easy to operate

Must stop to change speed,
flow surges, water hammer,
needs maintenance staff

| intervention

Vee belts and pulleys Cheap

Continuously variable

i e
Wastes energy, not for

Throttli
rotting solids handling applications

Cheap, easy to operate

Wastes energy, not for

Modulating by-pass ret ; . -
9 by-pass return solids handling applications

Easy to operate

Overflow by-pass return Easy to operate Wastes energy

Variable speed Energy efficient Can be costly to install
. . i Axial pumps only, low
Adjustabl i
djustable blade angle Energy efficient . differential head
Adjustable inlet guide Energy efficient Limited flow range, can be

vanes

costly to modify pump

) ; . i
Method Advantages ! Disadvantages
T o 1
Part loading } Energy efficient Archimedean screw only B
: | Reciprocatin mps ont
| Adjustabie stroke ‘ Energy efficient ' pr A 9 pump V.
‘ | very costly in larger pumps

(1) Portable engine driven pumps frequently use semi-automatic
transmissions, no need to stop to change gear.

Table 6.1 Pump flow regulation methods

Other methods change the actual performance of the pump in-
cluding power consumption, either within the pump unit or by
means of variable filling, e.g. Archimedean screw pumps and
displacement regulation. As can be seen from Table 6.1, the
only universally applicable method is speed regulation, i.e. it
can be used for all types of pumps, from the smallest dosing
pump with power requirements of 10 to 100 W to the largest
possible pump units in power stations with power requirements

up to 60 MW.

There are no rules against combining various methods, e.g. the
parallel operation of several units with continuous regulation by
means of throttling or speed regulation. The choice of optimum
methods requires great experience and often extensive eco-
nomic and process technical analyses. Sometimes there are
also special problems to be considered, such as noise levels
from control valves when throttling.

As mentioned earlier, it is possible to combine control methods.
If a modulating by-pass was fitted to most of the discrete varia-
tion methods the problems of surge and water hammer could

be eliminated.

Series and parallel operation are dealt with in Chapter 5, Sec-
tions 5.3.1 and 5.3.2 respectively. Examples of pump perfor-
mance for pumps with adjustable impeller blades, or with ad-
justable inlet guide vanes, pre-rotation, are shown in Figures
4.21 and 4.22 respectively. Archimedes rigid screws flow regu-
lation is dealt with in Section 1.5.3, Chapter 1. Metering pump
flow regulation is dealt with in Metering pumps in Section

1.5.19, Chapter 1.

Where changes in flow requirements are needed over longer
periods, more than about six months, say, it may be economic
to change the diameter of a centrifugal pump impeller or pis-
ton/plunger or modify the blade angles on a propeller. See also
Chapter 4, Section 4.2.2.

6.3.2 Control parameters

Control parameters may be flow, pressure, or some quantity
derived from these such as level, temperature, concentration
and so on. Some examples of these are shown in Table 6.2.

I
Control parameter |

Sensor type

Example of application

Discrete level control

Level switch

Proportional level control

[

Level transmitter

Fresh water reservoirs
Emptying separators

Process contro! on reactors
and vessels

1 Constant flow
|

Flow meter

: Discrete pressure control

Process controi for variable
pressure systems

Pressure switch

Charging vessels and
accumulators. Pressure
maintenance

Constant pressure

Pressure transmitter

Proportion controf for

Flow meter in each circuit

Process control of vessels
and accumulators

Chemical processing
Water treatment

Proportion control for

$
mixing ]
/
mixing ‘

! Flow meter in mixer outiet

Chemical processing
| Water treatment

Table 6.2 Some control parameters

The principles of regulation can also be shown by the H-Q dia-
gram, see Figure 6.5 for the simplest cases.
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a H
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Q

Figure 6.5 Pump regulation for system configurations
(a) constant pressure for variable system
(b) constant flow for variable system
(c) variable flow for a fixed system
(d) variable flow for variable system

6.4 On-off control of constant
speed pump
6.4.1 Principles

On-off control means that one or more pumps are started and
stopped, or loaded and unloaded, systematically, according to
the capacity requirement. Loading and unloading is accom-
plished by an isolating valve in a by-pass. When the flow re-
quirement does not coincide with the pump capacities the
pumps will work intermittently at a starting frequency of 1to 15
starts per hour for smali pumps, reducing to 1 to 4 starts per
hour for larger pumps. To account for the difference between
instantaneous flow demand and the supply flow, some form of
liquid storage or reservoir must be provided.

On-off control and load/unload control is arranged automati-
cally so that pumps are started at a high level in a storage ves-
sel on the suction side of the pump or at low level in a storage
vessel on the discharge side. When pumping between a suc-
tion tank and a discharge tank there is no need for other vessels
or tanks to store the imbalance between supply and demand.
The storage capacity will be included in the suction/discharge
tanks.

For systems using pressure rather than level control, gas
charged storage vessels, called accumulators, are used to
store the imbalance. Pumping begins with a low pressure signal

from the accumulator and stops at a high pressure signal. The
accumulator(s) must be sized so that motors do not start more
frequently than their specification allows. A combination of
on-off and load-unload can be very effective with larger pumps
to eliminate starting problems and also increases the efficiency
of load-unload used in isolation.

6.4.2 Costs

Of the discrete flow control methods, the on-off and load-unload
methods are the most usual. The on-off control method is the
cheapest of all methods to install. The additional costs for full
automatic control may be limited to a single level switch, extra
control contacts in the motor starters and some wiring. The
starters for the pump motors are required for every installation,
control contacts are standard with some models.

However, consideration must be given to the following when
additions are necessary to the pump installation:

o Cost of extra storage in which to hold the liquid during the
regulation cycle

¢ Additional costs for heavy duty starting equipment since
this has to be selected to cope with a very large number of
regular starts

¢ Additional costs for equipment to assist in the alleviation of
water hammer when starting/stopping and loading/ un-
loading

¢ Additional costs for pipework and fittings if these have to be
designed to withstand the fatigue stresses and vibration in-
duced by water hammer

6.4.3 Starting/loading problems

The number of permitted starts per hour is a critical factor in to-
tal initial cost for the pump installation. The type of starting
used, direct-on-line, DOL, or star-delta, S-D, or a modern soft
start system affects the frequency of starting. Small motors can
be started 20 times per hour without problems, depending upon
the operating conditions. Larger motors, 125 kW and above,
have strict restrictions on starting, 4 starts per hour maximum is
very common. Experience shows that the number of starts cho-
sen can be 5 to 10 starts per hour. Thus there will be 20,000 to
50,000 starts per year and up to the time of financial write-off,
the number of starts will amount to several millions, thus some
components have to be sized to withstand fatigue if precautions
are not taken.

Even if the starting time of the pump is short, about 0.25 s with
DOL and about 1 s to 1.5 s for S-D, this can put a heavy strain
on the mains supply.

Loading and unloading by automatic by-pass removes the elec-
trical problems associated with starting and stopping. This ap-
proach should be seriously considered as motor sizes in-
crease. A slow acting by-pass valve can eliminate the surge
and water hammer problems. Fatigue may have to be consid-
ered if parts of the discharge pipework system cycle from low
pressure to high pressure with every loading cycle. Pressure
system code compliance, without fatigue considerations, is
usually limited to 7000 pressure cycles. Much larger cycle
counts may reduce the allowable stress levels to 50% resulting
in design difficulties or routine replacement of piping sections.

The selection of the by-pass valve is of critical importance for
the reliability of the whole system. Water systems can impose
unexpected difficulties due to dissolved air and the deposition
of salts. By-pass valves must have a throttling capability for the
smooth transition from full flow to zero flow.

Reciprocating pumps can avoid the starting and by-pass valve
problems by using suction valve unloaders. During periods of
zero flow a pneumatic or hydraulic control system lifts the suc-
tion valves off their seats. No discharge flow is possible and
“slugs” of liquid recycle in the suction manifold. When flow is re-
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quired the suction valves are lowered, in sequence, to com-
mence the normal pumping operation. If gas charged pulsation
dampers are fitted they can be slightly oversized to provide
some surge protection.

6.4.4 Stopping/unloading problems

Aliquid flowing in a lengthy pipeline possesses considerable ki-
netic energy. When the liquid decelerates with the stopping of
the pump, large pressure variations occur. This can be calcu-
lated and is, for abrupt stops:

AH = 2V Equé.3
g
where:
AH = change of pressure head (m)
a = wave speed (m/s)
Vo = initial liquid velocity (m/s)
g = gravitational acceleration (m/s?)

In order to reduce the variation of head the flow has to be decel-
erated over a period of time, t, (s), which can be roughly as-
sessed in a pipeline of length L (m) as:
t, =(15 t060)~E Equb6.4

a
In the case of pipelines with high points or with low resistance to
fatigue, the stopping time may have to be doubled. The normal

arrangements used to increase the stopping time or to reduce
the stresses are:

o Slow-closing valves

e Air-chambers or pulsation dampers

¢ Pumps with flywheels

¢ Surge columns

» Overpressure and underpressure valves
See Chapter 5, Section 5.5.4 for full details.

In all cases the flow continues for a time t,. To avoid sucking air
into the pump and pipeline, a sufficient supply of liquid must be
available on the suction side of the pump, whilst that same vol-
ume of liquid must not cause trouble on the delivery side,
through surge for example.

For air chambers, the volume of liquid is contained in the air
chamber and in other cases, the storage tank or pump sump
has to supply the corresponding increase in volume. When the
flow requirement or inflow is negligible, which is the most unfa-
vourable condition, the mean flow during the stop cycle can be
estimated to be about 24 of the maximum flow. The partial stor-
age volume V, (m?), between stop signal and stop flow will, for
the decelerating time t, s, be as before:

V. (100 4)-

S Q, Equ.6.5
where:
Q= pump flow (m3/s)

With longer pipelines, especially for installations with slow clos-
ing valves, a large part of the operational period may be taken
up by the start and stop cycles, see Figure 6.6. During these
transients, throttle regulation or modulating by-pass takes
place, see also Sections 6.7 and 6.8. Power consumption is de-
termined by the relationship between the times for pure on-off
operation and those for valve operation. Throttle regulation and
modulating by-pass can increase energy consumption by any-
thing up to 50 %.

stop
signal

/ Flow stop /

Time

Figure 6.6 Flow variation for on-off and load/unload control with long pipeline

6.4.5 Operational sequences

There is a choice of several different operational sequences for
switching in and out parallel operation units. Critical factors to
be considered are:

¢ Number of permitted starts per pump per hour

¢ Number of permitted starts during the lifetime of the installa-
tion

¢ Permitted variations in flow
e Costs of storage tanks, sumps and accumulators

The differences between various possible sequences, desig-
nated A, B and C, are shown in the following three schematic
examples, Figures 6.7, 6.8 and 6.9 respectively, applied to an
installation with two identical parallel operating pumps P1 and
P2. It becomes clearest if the condition is examined when the
supply flow is equal to 1.5 times the flow of one pump. The other
operational possibilities — when the supply flowis less than the
flow of one pump, and when the supply flow is greater than the
flow of two pumps, must also be considered for a complete con-
trol strategy. In these examples, on and off can be synonymous
with load and unload.

In Operational Sequence A, P1 operates continuously and P2
operates on and off in response to a level switch signal. The cy-
cle time is obtained when sizing P2's storage or partial sump
volume. In this operational sequence there are moderate flow
variations.

In Operational Sequence B, P1 starts first, and then, at a
higher level, P2 starts. Stop occurs simultaneously for both
pumps at sump minimum level. The flow variation is very wide,
but the storage or partial sump volume for P2 is reduced to al-
most half of that for Sequence A. Because of the common stop,

Stop P2
Start P14

Stop 1

Figure 6.7 Flow variation and operating times for operational sequence A
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Figure 6.8 Flow variations and operating times for operational sequence B

Start P2, P14
A
‘ Start P1, P2
é Stop P2, P1
I Stop P1, P2 |

Pumped flow
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Figure 6.9 Flow variation and operating times for operating sequence C

one sensor signal is saved. Operational Sequence B has been
applied to about 30% of all sewage pump installations up to the
present time.

In Operational Sequence C, there is the same flow variation
as in Operational Sequence A, except that the stop sequence is
the same as the start sequence, i.e. the stop signal always
stops the pump which started first. Operational Sequence C
means a doubling of the cycle time, i.e. tc = 2;s, meaning the
halving of the storage or partial sump volume for P2.

Where there are more than two pumps, the same principles as
above are used, as also with the speed changing of
pole-changing motors, for example. For a number of pumps
working in parallel, the partial storage volume is then deter-
mined for each pump depending upon its respective incremen-
tal flow Q1, Q2, Q3, etc., as obtained from the pump and sys-
tem curves, according to Figure 6.10.

In practice, to determine switching times and storage volumes,
supply flows very close to pump capacities would be used, e.g.
99%, 101%, 199%, 201%, etc.

Powerful Programmable Logic Controllers, PLCs are currently
available with muiltiple digital inputs and outputs and cost ap-
proximately $260; about the same as a good pressure switch.
These devices allow on-off control to be completely optimised.
For example, the PLC could keep a running total of the “hours

N roms
AN N

Q2 Q3

P

3

3.

Figure 6.10 Flow increments Q1, Q2, and Q3 obtained by switching in various
numbers of parallel operating pumps

run” for each pump and start the pump with the least hours first
and switch it off last. A simple programme would try to balance
the operating time across all the pumps. Operating times could
also be biased so that one pump had few hours and could be
considered as a stand-by.

When considering how many pumps to install, the possibility of
failure and allowances for unavailability due to routine mainte-
nance must be considered. The need for stand-by capacity
must be weighed against the consequences of unavoidable re-
duced capacity.

6.4.6 Storage volumes

Storage and pump tank/sump volumes, see Figure 6.11, are
most easily calculated by the use of afilling time, time constant,
for the various partial volumes V, and V,, and so on, defined as:

Ve etc. Equ.6.6

2

t, =

Time t; thus corresponds to the time taken to fill volume V4 with
flow Q.

In the case of an accumulator, Q varies because of coun-
ter-pressure from the pre-compressed volume of air or nitro-
gen. Boyle's Law at constant temperature: p,V; = p,V>, should
be used to calculate the change in gas volume with pressure.
Time t, for the pump switched on first depends solely on the
number of permitted starts per unit time, depending on whether
starting is applied to several pumps alternately.

Time t, is determined by

3600
t, = —— (s) Equ.6.7
4-m
where:
m = number of starts per hour per pump if the
pumps are not alternated
or
Reserve
volume
- S
Vi
.. Volume of
Minitron_ compressed air
volume —— /_L\
Open storage
tank, pump
sump

Va2

Minimum
volume

accumulator

Figure 6.11 Storage with associated minimum volumes, partial volumes V,
and V, and the volume of air for various arrangements
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m = number of starts per hour for the whole instal-
lation, if the pumps are alternated

Here the number of starts per hour is a maximum when the
mean flow per hour is equal to half the maximum flow. The
times t,, ts, t4, etc., are heavily dependent upon the operational
Sequences A, B and C.

Table 6.3 shows various values for up to four pumps operating
in parallel. In the table it is assumed that no more pumps are in-
cluded in each operational sequence range than are needed to
satisfy the flow requirements. An example also follows.

e e e e e e = S T e [ —— 7
i | l

Number of starts/hr | 5 | 10 j 15 ]

i per pump ! ‘]
e —y* S S i B A I
 Sequence il A B LC A | B l'c A B I ¢c |
e e e e A R il
Fnllmg tlmes for: I i i i | i
or | L b e

I pump 1: t, | 180 | 180 | 180 90 | SO | 90 | 60 | 60 | 60 |
‘ e e N (B A N |
pump 2: t, | 180 | 72 | 90 |90 |36 |45 60 | 24, 30 |
e i B v Rovat ol
| Pump 2:ty ,743";,48 ‘TEU,,‘.EO 2413 [ 60|16 2 |
i } | | i . ‘ M
| pump 2: t, (180 [ 40 |45 90 20 | 22 |60 | 13 | 15 |

Table 6.3 Tabie for determination of filling time for partiai volumes in pump
tanks/sumps

The air volume in an accumulator is calculated using Boyle's
Law for isothermal compression, Figure 6.12.

At the absolute pressures posand pon, there are respectively the
volumes of air Vaer and Vaon:

Pat * Voot = Pon Vam = P+ Vi Equ6.8
where:
pi = initial absolute pressure (kPa)
Vai = initial volume of air (m®)
Using the effective volume of water Vy = Vagn - Vot
V, = Pon . _ P -V Equ6.9
Pi Poff - Pon

Combining equations 6.7 and 6.9, if only one pump of flow Q,
delivers to the accumulator:

v, = %In. PbﬂpiﬂPon Q, .i‘??: Equ6.10
where:

Vai = total volume of accumulator if not pre-charged
(m?)

Vai = volume of air in the accumulator when
pre-charged (m 3)

Pon = absolute switch-on pressure (kPa)

Poff = absolute switch-off pressure (kPa)

ol = absolute initial pressure (kPa)

VOIUME Ve

o)
—>

Figure 6.12 Accumulator with designations for working volumes

Qq = flow from pump,
mean value of flow at p_, and p_; (m%/s)

m = maximum number of starts
per hour per pump (n/hr)

If several pumps are working on the same accumulator, the ef-
fective water volumes V4, V,, V3, etc. are determined for each
one as above. The various on and off switching pressures are
then bound entirely by Boyle's Law, equation 6.8, which neces-
sitates careful evaluation of the various guantities.

When liquid is supplied to processes which themselves are
controlled by on-off valves the process control valves can cre-
ate surges and water hammer effects. Large on-off process de-
mands can have local accumulators to reduce peak loads on
the supply system. The cost of local accumulators is offset by
the reduction in supply pipe size necessary to feed the demand.

6.4.7 Power consumption

An on-off controlled pump operating at constant differential
head has constant running power consumption, whilstthe oper-
ational time varies with volume flow. The relative operational
times, or factor of intermittency iq when transporting flow Q with
a pump of flow Q, will be:

iqg=— Equ6.11

The energy consumption E, i.e. the power requirement muiti-
plied by time will be, for time t:

Q
E = Q-'Pop

P

-t Equ6.12

In the case of varying flow the power consumption is summated
for various intervals of flow. Simpson's Rule integration formula
provides the total power consumption in simple terms thus:

E = Poean bo Equ6.13
o = (1 ,O"ﬂ g%+l&)PQp Equ614
6 Q 3Q 64Q
or at 5 points taken from the flow constancy curve:
b () Quw 10, 10
12 Q 3 Q 6 Q, Equ6.15
+1.&5_+i._qo_).})o
3 Q 12 Q, P
where:
E = energy consumption (kWh/yr)
Pnean = mean power throughout the year (kW)
to = operational time (hr/yr)

Qu,Qs0= flow at 0%, 50% etc. constancy (md/s)
Qp = flow at pump operating point (m?/s)
Pap = pump power @ flow Qp (kW)

For pumps operating at variable discharge pressure, with accu-
mulators for example, consider the power consumption to be
the mean of the two values at low and high pressure. Power can
also be “wasted” due to throttling or modulated by-pass during
starting and stopping. Pumps which run continuously but are
loaded and unloaded will consume some power when un-
loaded. This energy consumption should be added to the power
calculated from equation 6.15.

On-off control has good power economy when there is a high
proportion of static differential head. The power economy may
be expressed in terms of regulation efficiency n, comprising the

ratio between head req_qimgpwt{q;ggqggaq(}g[@pgggtgml
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Regulation efficiency
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Figure 6.13 Regulation efficiency

curve and the pump head at flow Qp. The regulation efficiency is
shown in Figure 6.13 for on-off control of a single centrifugal
pump working with water or liquid with characteristics like water
for various ratios of Hg/H,. Ratio of the static delivery head as
a percentage of total differential head H, at the operational
point of the pump. The total efficiency factor for liquid transpor-
tation is obtained by multiplying 1, by pump and motor efficien-
cies. See also Chapter 14, Section 14.3.1.

6.4.8 Examples

On-off control is used extensively in pumps for water, sewage
and domestic drinking water installations. It is also common-
place in large hydraulic power packs used in steelworks and
chemical processing. Some installations use 10 or 12 pumps to
reduce the supply step size and also to limit the size of the liquid
store. On-off control has many practical applications.

Certain special cases omit the liquid store, for example booster
pumps, see Chapter 5, Section 5.3.3, working in “dead” pipeline
networks. In order to avoid too frequent starting, an electrical in-
terlocking device with, say, a time relay must be fitted. In certain
flow ranges, pressure variations due to starting and stopping of
pumps is inevitable.

In the case of circulatory pumping in totaily enclosed systems,
there is no requirement for a flow storage reservoir, but there is
often a requirement for storage of some other parameter, e.g.
heat in a thermal store.

Calculating storage volumes

The pump flows in Table 6.4 and storage volumes in Table 6.5,
have been determined from the pump and system curves fora
pump installation using three parallel connected pumps, see
also Figure 6.10.

Number of pumps Total Flow Flow increment
1 100 Lfs 100 L/s
2 180 L/s 80 L/s
3 240 Uis 60 L/s

Table 6.4 Pump flows

Number of pumps Filling time Partial storage volume
1 t,=90s V, =100 - 90 = 8000 L
2 t,=4bs V, =80 45=23600L
3 t,=30s V,=60-30=1800L

Table 6.5 Storage volumes

From Table 6.3, there are 10 starts per hour using operational
Sequence C;

The total storage volume will be
9000 + 3600 + 1800 = 14,400 litres = 14.4 m®.

Added to this is a minimum volume and, for closed storage, also
avolume of air, see Figure 6.11, as well as a storage volume de-
pendent upon pressure surge, see Sections 6.4.3 and 6.4.4.
The sensor signals for start-stop are arranged at levels or pres-
sures corresponding to the various partial volumes. If opera-
tional Sequence Ahad been selected the storage volume would
have increasedto (100 + 80 + 60)- 90 =21,600 litres =21.6 m°.

A storage volume for operational Sequence B = 100-90 + 80 -
36 + 60 - 24 = 13,320 litres = 13.3 m3, is obtained in the same
way.

If only the number of starts for each pump and not the total num-
ber of starts for the installation has been considered, there can
be reductions in storage volume. With complete rotation using
1, 2 and 3 pumps respectively in operation and applying the
principle of operational Sequence C, t; = t, = t3 can be re-
duced to 30 seconds, giving a total storage volume of 7.2m?2.

Furthermore, in many cases the partial storage volumes can, to
some extent, be absorbed within each other, in which case, the
minimum total storage can be estimated to be approximately
4m3,

It should be noted that a part of the cost saving for storage will
then contribute towards more complex automation, although
these costs are dropping dramatically with modern develop-
ments.

6.5 Pole-changing induction motors

6.5.1 Principle and application

Special versions of induction motors with arrangements for
changing the number of poles can be used for pump control.
Pump speed is inversely proportional to the number of poles,
see Chapter 10.

Two distinct versions of motor are available with similar, but not
identical, properties. Pole-changing motors achieve two or
more speeds with one set of windings connected in different
configurations. A dual wound motor has more than one set of
windings; one for each speed. Small motors can have a switch
built into the motor for local manual speed control. Usually all
the winding terminations are brought out through the terminal
box to the starter enabling remote automatic speed changes.
Speed changing under load is normal. Star-delta (S-D) starting
on all windings of dual wound motors is possible. With
pole-changing motors, S-D starting is only possible on the low-
est speed. Soft starts can be incorporated but the wiring be-
comes complicated. Pole-changing motors, and dual wound,
can be used in those situations when a limited range of speeds;
2:1 or 4:3, 4:2; can be useful.

In some cases motor power is not always proportional to speed.
Rotodynamic pump performance changes in accordance with
the Affinity Laws, see Section 4.2.1.6, equation 4.16, in Chapter
4. Positive displacement pumps react differently to speed
changes. The pump flow is approximately proportional to
speed, depending upon the pump type and the viscosity of the
liquid; the ability to generate pressure is unaffected.

Pole-changing regulation with rotodynamic pumps is particu-
larly favourable when the system curve has only pipe friction
losses as in Figure 6.14, in circulation installations for example.
In this case the flow is approximately halved by switching to 750
r/min. Systems with Hg; will limit the value of the lowest useful
speed.

Positive displacement pumps can work with systems with low
and high Hgt. This is why these pumps are favoured in many
chemical applications using constant pressure vessels and re-
actors. Gear, lobe, screw and progressing cavity pumps are
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Figure 6.14 Example of change in duty point due to pole-changing 750/1500
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Figure 6.15 Positive displacement pumps at various speeds

used when viscosity is suitable; reciprocating pumps can be
used for any viscosity. Figure 6.15 indicates the effect on the
duty point of varying the speed of a PD pump when working with
friction only systems and systems having a high Hg value.

The power required by the pump is dependent upon the flow,
the pressure and the corresponding pump and motor efficien-
cies at the duty point. Irrespective of the pressure, the flow var-
ies very much in proportion to the speed change. The change in
pressure is controlled by the system characteristic.

6.5.2 Costs

From the cost point of view, a variation factor of 2 is the most fa-
vourable since this gives pump speeds of, say, 750/1500 or
1500/3000 r/min, although other speed ranges are also possi-
ble. Some motors with four speeds are available,
1500/1000/750/500 r/imin at 50 Hz. Pole-changing motors are
cheaper than a motor plus a frequency inverter. If continuously
variable speed is not necessary, and all-electric controls is an
asset, the pole-changing motor should be considered. At 20 kW
a two speed motor is 25% more costly than a standard motor, at
37 kW itis 50% more. At 135 kW a three or four speed motor is
double the cost of a standard motor.

6.5.3 Starting problems

Starting problems are not as bad as those involved with fixed
speed pumps with on-off or load-unload control because the
pump can be started at low speed. Once the system has stabi-
lised at low speed the motor can be switched to the next speed.
The period of time required for stabilisation will depend upon
the pump size and the system size.

6.5.4 Stopping problems

As with starting, stopping problems can be reduced by chang-
ing speed down in steps, with stabilisation periods, before
switching off at the lowest speed. Power failure, when operating
at the fastest speed, will cause the same problems as other
systems. The reliability of the power supply, together with the
likely problems, must be assessed when deciding if precau-
tions are warranted, see Section 6.4.4.

6.5.5 Storage volumes

Since pole-changing regulation is a discrete method of regula-
tion, liquid storage is necessary. Sizing is carried out in the
same way as for on-off control, Section 6.4.6, with extra steps to
allow for the speed increments. The permitted number of pole
changes is usually between 1 and 15 times per hour but should
be confirmed with the motor manufacturer once specific run-
ning conditions are known.

6.5.6 Power consumption

Rotodynamic pump and motor efficiencies are for practical pur-
poses the same at the various speeds, which leads to good op-
erational economy, see Figure 6.16. The efficiency of positive
displacement pumps is dependent upon the discharge pres-
sure, which is in turn, dependent upon the system characteris-
tic. The cost of pole-changing motors is of the order of 20% to
50% higher than for normal, squirrel-cage induction motors. A
limiting factor, to some degree, is the reduced availability of this
type of motor from manufacturers.

6.5.7 Examples

Consider the pumps and system curves shownin Figure 6.10. it
was shown in Section 6.4.8 that the nominal storage volume
was 14.4 m3. If the pump curves shown referred to a
4-pole pump, 1480 r/min, then it may be possible to consider
pole-changing. Using the Affinity Laws, the pump curves are re-
plotted at 6 pole speeds, 986 r/min. The closed valve head is
greater than Hga so the pumps will operate with the system
curve successfully. The new values of Q, Q; and Q; become
60,45 and 35 I/s.

Using the same switching per hour and operational Sequence
C, the volumes V4, V, and V3 become 5400, 2025 and 1050
litres giving a total volume of 8475 litres. Pole switching pro-
duces a reduction in basic volume of 41%. Further reductions in
volume, considering combining partial volumes as in Section
6.4.8, will lead to further reductions.

The flow range of the pump package has been increased from
240/100, 2.4:1, to 240/60, 4:1. Without considering mixed

Regulation efficiency
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Figure 6.16 Regulation efficiency of a centrifugal pump using a pole-changing
motor with 4, 6 and 8 poles. There is no static delivery head.
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speed operation, the operating capacities available are 25%,
42%, 44%, 58%, 75% and 100%.

The example from Figure 6.10 could not use pole-changing if
the pumps had been running a 2-pole speeds. The next lower
speed would be 4-pole and the pumps would not produce suffi-
cient differential to overcome Hg;.

Pole-changing motors can offer increased flexibility and re-
duced storage volumes. It may be possible to run slow
rotodynamic pumps in parallel with fast rotodynamic pumps;
the relative shapes of the pump and system curves, together
with the driver power installed, will determine whether this is
feasible. Of course there are no problems running slow positive
displacement pumps with fast positive displacement pumps.

6.6 Multi-speed gearboxes
6.6.1 Principles

The principle and application of multi-speed gearboxes is simi-
lar to that of pole-changing motors except there are no strict lim-
itations on the speeds available. Manual change multi-speed
gearboxes are nearly always built specially “to order” so the
gear ratios can be optimised for the appiication. If a two pump
system is considered, speeds of 100% and 50% could be cho-
sen. This would provide pump package capacities of 25%,
50%, 75% and 100%. Again considering two pumps, gear ra-
tios of 33%, 66% and 100% would produce package capacities
of 17%, 33%, 50%, 67%, 83% and 100%. Two and three speed
gearboxes are relatively common; more ratios are rare. Manual
change gearboxes usually have internal dog clutches, the
gears are always in mesh, for selecting the ratio. One or two le-
vers are moved to change a ratio, while the drive is stationary. It
may be necessary to jog or inch the motor to line up the dog
clutches before engagement. On units up to about 250 kW, the
high speed coupling can be turned by hand. On larger units fa-
cilities must be provided for barring, jogging or inching.

Semi-automatic gearboxes are frequently used on engine-
driven portable pumps. Versions of these gearboxes are avail-
able for motor drives. Just like their automotive counterparts,
gears can be changed onload without stopping. The gearbox is
fitted with a torque converter or fluid flywheel to smooth the
transition from one speed to the next. Remote and automatic
control of gear changes is simple. The drive can be disengaged
to give on-off control as well as variable speed. Larger units are
fitted with a flywheel lock to save the 2 to 4% speed and energy
loss due to flywheel slip. Gearboxes can be fitted with auxiliary
power take-off to drive associated equipment. Standard gear-
boxes are available with up to ten gears. Choice of ratios is lim-
ited, but because of the multiple speed increments available
this is not a problem.

6.6.2 Costs

For small manual change gearboxes, about 40 kW for a recip-
rocating pump, a two speed gearbox will cost approximately 4.5
times as much as a standard fixed ratio gearbox. A three speed
box will cost 10 times as much. As the gearbox size increases
the cost impact is reduced. For a 700 kW gearbox, two and
three speed cost twice and 3.5 times as much.

Semi-automatic gearboxes start at approximately 28000 kW
for an air operated four speed unit with fluid flywheel suitable for
input speeds up to 3500 r/min.

The increased cost of the power transmission should be con-
sidered with the reduced costs of storage volumes. The overall
scale of the pumping project wilt determine the relative cost pro-
portions. The reduction in drive efficiency of semi-automatic
gearboxes without fluid flywheel locks must be considered.

6.6.3 Starting problems

Manual change gearboxes are similar to pole-changing mo-
tors, see Section 6.5.3. Semi-automatic gearboxes, with more
ratios, can have really low speed starts and smallerincrements
between the ratios effectively removing the problem.

6.6.4 Stopping problems

Again, manual change gearboxes are similar to pole-changing
motors, see Sections 6.4.4 and 6.5.4. Semi-automatics do not
experience problems with normal stops but power failures can
be a problem, see Sections 6.4.4 and 6.5.4.

6.6.5 Storage volumes

Speed changing by fixed ratios is a discrete method of regula-
tion and requires some form of liquid storage to compensate for
the imbalance between supply and demand. Manual speed
changing should only be considered when demand varies peri-
odically rather than continuously. Manual speed changing can
be viable if the demand only varies significantly say once or
twice a day or less. At any given speed the pump should be con-
sidered as fixed speed and volumes calculated as shown in
Section 6.4.6.

Semi-automatic gearboxes have no restrictions on gear
changes and remote automatic control is relatively simpie
which includes disengaging the drive. The flows possible are in
discrete steps, however small, and even with the additional
on-off control some small storage capacity may be necessary.
However, the storage capacity will be based on the smallest
pump flow thereby reducing the storage required dramatically
compared to manual speed change, on-off or load-unload op-
tions.

6.6.6 Power consumption

Power consumption will depend upon the curve shapes and the
intersection points. Pump efficiency depends upon flow and
head or pressure, driver efficiency depends upon the load.
Manual change gearboxes are relatively simple so the mechan-
ical efficiency should be about 95 to 97%. The basic efficiency
of semi-automatic gearboxes will be slightly lower because of
the greater complexity. Also the fiuid coupling/fluid flywheel
may lose up to 4% when not locked up.

Manual gear changing is very efficient at transmitting power but
poor at changing gear. Semi-automatic gearboxes are good at
changing gear at the expense of reduced transmission effi-
ciency. The type and size of the pump package, limitations on
storage volumes and cost, considered with the operational re-
quirements will show which gearboxes are suitable.

6.6.7 Examples

Referring to the example shown in Figure 6.10, the minimum
pump speed possible, allowing a 10% margin for wear and in-
creased losses, is 60% of the speed shown. This would give a
slowest running speed of 888 rom based on an original 4 pole mo-
tor speed. Unusually, in this case Q; = Q, = Q3= 401/s. The ba-
sic storage volume would be 6.6 m®. The flow capacity incre-
ments would be 17%, 33%, 42%, 50%, 75% and 100%. Using
this pump on this system would produce a minimum safe ca-
pacity of 17%.

Positive displacement pumps do not have a closed valve head
problem and any minimum speed could be selected to suit op-
erations. Minimum speeds for reciprocating pumps can be as
low as 5% of design.

6.7 Throttling by control valve

6.7.1 Principles

In the case of throttle regulation for rotodynamic pumps, Figure
6.17, the operating point of the pump changes because the sys-
tem curve is modified. As the flow area of the control valve is re-
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duced the pressure drop increases, the flow through the pump
reduces from Q; to Q..

Throttle regulation creates an extra flow 0SS hy rottie in the sys-
tem. To overcome this, power must be delivered to the pump,
thus:

_ p- QZ ) hfthrome (kW)

P = Equ6.16
throttle 1000 le q

In a completely zero loss regulation system, the power supplied
would be less by Piotte-

As can be seen from Figure 6.17, ht iwome and therefore Piyottie
are greater when the system curve is steeper for the same
change of flow from Q4 to Q,.

Throttle regulation and by-pass regulation are the most com-
mon of the continuously variable methods of regulation, but
throttle regulation cannot be used for positive displacement
pumps. In view of rising energy costs, however, the method is
becoming uneconomic despite the relatively low procurement
cost of a control valve.

Throttle regulation is a continuously variable flow method. Op-
eration is possible at any point on the system curve where the
pump curve is higher. If the pump can be operated at closed
valve without problems there is no requirement for storage vol-
umes. The problem is efficiency; all the throttling energy is
wasted. The choice of throttling is dependent upon the size of
the pump, the cost of energy, how often throttling will be used
and for how long. If the pump is small and/or energy is cheap
throttling may be attractive. If throttling is only necessary for
start-up and shut-down it may be attractive. Most pumps are in-
stalled with isolating valves. The throttle valve can be fitted as a
by-pass around the isolating valve. After throttling for start-up
the isolating valve can be opened fully for normal operation.

6.7.2 Costs

Installation costs are dependent upon the size of valve required
and the mode of operation desired. Local manual control would
be sufficient for start-up/shut-down that took one hour say ev-
ery month. If continuous throttling was necessary a fully auto-
matic control valve would be required. A 1 inch manual throttle
valve, specifically designed for continuous operation would
cost about $1500. A 2 inch low pressure constant flow control
valve in cast iron suitable for water woulid be about $1000.
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Figure 6.17 Throttling by control valve, schematic and curves
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Figure 6.18 Relationship between pump and system characteristics for
successful throttling

6.7.3 Sizing the control valve

The control valve is sized so that the control function itself has
the best possible regulation characteristics. This means that
the parameters to be controlled, i.e. the flow or the head, should
be as linear as possible in relation to the movement of the valve.
It is a requirement that a loss of head should always exist
across the valve even at maximum flow Qq, Figure 6.18.

When regulation is necessary in a system which has a simple
smooth characteristic, as shown in Figure 6.18, the following
approximation may be used for the minimum head loss at maxi-
mum flow:

h, = 0.1-h,, + 0.3-h, (m) Equ6.17

The sizing of the control valve and its linearity for this case has
already been dealt with in Chapter 5, Section 5.2.4.

stat

When the system curve is variable, throttling may be used to
obtain a constant flow. The loss of head due to the valve must
be selected at a considerably greater value than that given by
the rule of thumb in equation 6.17. An analysis of regulation
characteristics should also be carried out in the manner shown
in the example in Section 5.2.4, of Chapter 5.

In throttle regulation, the power requirements of the pump are
determined entirely by its power curve, regardless of what the

—_

Q
Power
P
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PQsp -
Pa1o0
[} ] Q

Qig0 Qso Qo
Figure 6.19 Pump power for throttle regulation
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Figure 6.20 Regulation efficiency for throttling of a centrifugal pump with a
shut-off head about 20% higher than the operating point at maximum flow
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Figure 6.21 By-pass regulation, schematic arrangement and curves for cen-
trifugal pump and by-pass line are reduced to a combined curve

system curve looks like, see Figure 6.19, i.e. the power require-
ment can be read directly from the pump power curve. In Figure
6.19 Py, Paso and Pasgo are the power values corresponding to
flow Qq, Qsp and Qg respectively, see Figure 6.22. These flows
apply to mean flows at 100%, 50% and 10% constancy.

Energy consumption E is power multiplied by time, or

E=P.nto Equ.6.18
where:

E = annual energy consumption (kWh/year)

to = operational time per year (hr/year)

Pmean = mean power during operation (kW)

The mean power is most simply determined by the use of
Simpson's Rule integration formula in the same manner as flow
in Section 6.4, equations 6.1 and 6.2.

For throttling, the regulation efficiency is the ratio between the
differential head of the system curve compared to the pump dif-
ferential head. Figure 6.20 shows the regulation efficiency for
the special case of a centrifugal pump working with water or a
liquid with water-like qualities. The head H, applies to the head
loss of the valve, i.e. Hy = Hgat + hyo, S€€ also Figure 6.21. The
loss of head due to the valve has been chosen in accordance
with equation 6.17 and the pump curve is assumed to have its
closed valve head some 20% higher than the operating point
for maximum flow. In the case of throttle regulation, pump effi-

ciency varies with flow and the motor efficiency varies with ab-
sorbed power.

6.7.4 Power consumption

Throttling increases the power consumption. The head loss
through the control valve is completely destroyed but must be
“paid for” with energy from the pump. If throttling must be used
continuously it will be a continuous waste of energy. If throttling
is only required for start-up or shut-down it can be accom-
plished in a by-pass around the isolating valve and once the iso-
lating valve is opened the throttling loss will be zero.

6.7.5 Example

Consider the pumps and system shownin Figure 6.10. The pro-
cess has been redesigned and only one pump is required. The
storage volume has been moved to another part of the process.
During start-up and shut-down, which last 2 hours each every
month the flow through the system must be reduced to 50 I/s.
The head drop through the valve must be 60 m. What size of
valve is required ?

Using Equation 5.10 (in Chapter 5) with
Q =180 m3h and Ap = 60 - 1000 - 9.81/ 100000 = 5.89 bar

a minimum Ky of 74.2 is obtained. Reviewing manufacturers’
data reveals the smallest valve suitable to be 80 mm, which
would be at 80% open. This is considerably smaller than the
pump discharge which is 150 mm. With the valve wide open Ky
=110, trying to pass 100 I/s would result in a pressure drop of
14.3 bar, 146 m. This pressure drop is higher than the closed
valve of the pump so the pump would be unable to run at the
normal duty point. This is an ideal case for putting the throttle
valve in a by-pass around the discharge isolating valve.

6.8 By-pass return

6.8.1 Principle and application

By-pass regulation is sometimes called shunt regulation be-
cause of the similarity with shunts in electrotechnology. In prac-
tice, it is simply called by-pass. In by-pass reguiation, as shown
in Figure 6.21, liquid is fed back from the delivery side of the
pump into the suction side of the pump. In practice, as with relief
valves, the by-pass should be piped back to the suction source
not to the suction pipe adjacent to the pump.

Operating points are most easily determined by combining the
curves for a rotodynamic pump and the by-pass line into a sin-
gle curve.

By-pass regulation is used for positive displacement pumps
and only rarely for rotodynamic pumps. The energy consump-
tion for these is generally greater with by-pass regulation than it
is with throttle reguiation. (See for example the pump curves in
Figure 4.26, Chapter 4).

By-pass control is used with positive displacement pumps in
three main modes of operation:

e Low pressure starting
¢ Load/unload control
¢ Small flow changes

Some positive displacement pumps operate in systems where
the discharge pressure is almost constant, consequently start-
ing takes place at high torque. This type of starting can gener-
ally only be accomplished with direct-on-line (DOL) starting.
Not all electric supplies can cope with the current demands of
DOL and star-deltais preferred, especially for motors over 15
kW. Star-delta starting does not provide 100% motor torque so
that starting the pump on load is not possible. Aby-pass, return-
ing to suction source, provides a low pressure, low torque start-
ing option.
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The pump starts with the by-pass wide open, the discharge
pressure generated is only sufficient to overcome friction
losses of the by-pass line and valve. Once the pump is running
at full speed the by-pass valve is gradually closed, the dis-
charge pressure increases until the non-return valve opens and
the pump is online. The by-pass valve is completely closed and
incurs no energy losses. The pump may be stopped by gradu-
ally opening the by-pass valve to reduce water hammer and
pressure surges.

Step capacity control can be achieved on positive displacement
pumps by loading and unloading the pump rather than starting
and stopping by on-off. A by-pass valve is opened and closed
and the pump flow varies from 100% to zero. The by-pass valve
can be fitted with dampers to ensure long opening/closing
times to eliminate water hammer and pressure surges.

When only small flow reductions are necessary a by-pass valve
can be economically attractive compared to other methods. As
only a small flow passes through the by-pass the amount of en-
ergy wasted compared to the pump power is small and only a
small valve is needed.

Positive displacement pumps working with non-Newtonian lig-
uids rarely have sufficient information to accurately predict sys-
tem curves to allow the control characteristics to be analysed.
Large safety margins are advisabile. It should be noted that the
control valve flow area may not be adequate for liquids contain-
ing larger particles. The power requirement is determined by
the flow, Qmax + Qshunt, and the discharge pressure according to
the system curve at the actual system flow. Because of this, the
regulation efficiency will be relatively high, Figure 6.22.

It is generally not necessary to have 20% extra capacity with
positive displacement pumps. If the flow rate is critical then an
allowance should be made for wear in the pump between over-
hauls. Depending upon the pump type, and how corrosive/
abrasive the liquid is, this should be between 2% and 5%.

6.8.2 Costs

Costs for by-pass valves are similar to throttle valves. A 1 inch
manual valve specifically designed to cope with the throttling
and high speed liquid wouid cost about $1500. Valves are avail-
ableupto 2.5inches; a 1inchvalve hasa C,0f 27,a2.5inch is
79.

6.8.3 Sizing the by-pass

The by-pass valve is sized in a similar manner to a throttle
valve. Once the flow and pressure drop are known equations
5.10 or 5.11 (in Chapter 5) can be used to evaluate Ky or Cy. A
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Figure 6.22 Regulation efficiency for by-pass regulated positive displacement
pump with 20% by-pass at maximum required flow
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Figure 6.23 Overflow control

slightly larger valve is not a problem; it just requires closing a lit-
tie. A slightly smaller valve will stop the pump from operating
down the system where it was intended.

6.8.4 Overflow by-pass return

With overflow control the liquid is pumped into a reservoir at al-
most constant level. The required system flow is taken from the
reservoir. The surplus liquid flows over a weir, which creates the
constant head, and goes back to the suction side of the pump or
escapes in to a drain pipe, Figure 6.23. The pump in such cases
operates at constant flow and constant power requirement.

Overflow control presents a simple and reliable method but
uses a relatively large amount of energy. The regulation effi-
ciency depends upon the proportion of static delivery head, Fig-
ure 6.24. The figure makes the assumption that there are no un-
wanted level differences.

6.8.5 Power consumption

For rotodynamic pumps, energy consumption is determined as
shown in Section 6.7 .4, i.e. operating points on the H-Q curve
are established, thereafter the power requirement of the pump
is derived from its power curve. The regulation efficiency for
rotodynamic pumps is generally lower with by-pass regulation
than it is with throttie regulation, Figure 6.19. In spite of this,
by-pass regulation of a rotodynamic pump may be justified be-
cause of the lower loss of head across the control valve with
consequent lower noise levels and reduced risk of cavitation in
the control valve. By-pass valves can also be closed completely
so there is no energy wasted at all. The operating points of the
rotodynamic pump should, however, always be checked for
cavitation and abnormal vibration levels.

When a by-pass valve is closed there are no energy losses.
When it is open the pump must provide the system flow and the
by-pass flow, both at system pressure. The wasted power loss
with by-pass regulation is:

Regulation efficiency
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| |
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Figure 6.24 Regulation efficiency with overflow control, Hy = H_,, + hy,

stat
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Figure 6.25 By-pass regulation of a positive displacement pump. The system
curve shown applies to a non-Newtonian liquid
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where n; is for flow Qs (in Figure 6.21).

For positive displacement pumps using by-pass regulation, the
power consumption is determined by the back pressure, i.e. by
the system curve. In the same way as for throttle regulation, the
valve must be given priority in the system control loop. This is
achieved by increasing the required flow, Figure 6.25.

6.8.6 Example

A fixed speed reciprocating pump operates in a system with a
high static pressure. The nominal duty point is 190 m3/h at 184
barg, the suction pressure is 1 barg. For starting purposes the
system flow must be reduced to 100 m3h, which corresponds
to a discharge pressure of 53 barg, what size of by-pass valve
is required ?

Qnormal =190 m3/h, Pnormal = 184 bargy Qstan =100 m¥h

The flow to be by-passed is 90 m%h and the differential pres-
sure available is 131 barg. From equation 5.11 (in Chapter 5)
the Ky of a suitable valve would be 7.86. Reviewing manufac-
turers’ data, a 25 mm valve has the required Ky at approxi-
mately 85% opening. The extra capacity of the valve will allow
for other losses in the by-pass system.

6.9 Infinitely variable speed

Infinitely variable speed provides infinitely variable flow. There
are some fixed speed pumps which can provide infinitely vari-
able flow. Reciprocating metering and dosing pumps are usu-
ally variable stroke and flow can be varied from zero to 100%.

For small flows metering pumps should be considered. Meter-
ing and dosing pumps can be surprisingly large. Plunger pumps
can be built in variable stroke versions. These pumps were first
developed as boiler feed pumps and pumps up to 75 kW were
available.

For hydraulic applications, liquids with very good lubricating
qualities, variable displacement vane pumps and variable
stroke piston pumps are available. Some variable stroke piston
pumps can actually reverse the flow direction, -100% to 0 to
+100% flow, while running at constant speed. For hydraulic ap-
plications consider vane and piston pumps. Variable speed
pumps will generally not offer zero flow. A minimum pump
speed is required to assure proper lubrication of bearings. Vari-
able speed pumps will tend to offer 5% to 100% or 10% to 100%
maximum flow ranges.

The need to have infinitely variable speed to provide infinitely
variable flow will uitimately depend upon:

¢ The liquid

e The size of the pump

o The type of pump

¢ The flow range required
6.9.1 Principles

Many pumping applications require the flow to be adjusted to
several different values which sometimes cannot be accurately
predicted. In these situations it is advisable to make the flow in-
finitely adjustable over a range. Changes in operating condi-
tions due to fouling or corrosion in pipework, variations in pro-
cess conditions or wear in the pump can be accommodated
without compromising operational requirements.

With rotodynamic pumps, throttling and by-pass regulation
could satisfy most of the needs. With positive displacement
pumps, by-pass regulation could satisfy all of the needs. How-
ever, both throttling and by-passing are inefficient. Energy sup-
plied by the pump to the liquid is destroyed in a valve, and may
not be economically viable in larger installations or when used
continuously.

Pump speed variation allows the pump capacity to be matched
to the process demand. In Sections 6.5 and 6.6 pump speed
was shown to be adjusted in discrete steps; pump capacity may
or may not match the demand but it will be much closer than it
would have been without speed adjustment. The ability to vary
the pump speed infinitely allows pump capacity to match pro-
cess demands exactly.

Pump speed can be varied in many different ways. Two main
approaches are adopted; a fixed speed driver with a variable ra-

tio transmission and a variable speed driver. The two ap-
proaches can also be combined.

6.9.1.1 Variable ratio transmissions

Some pumps, typically larger pumps, require some form of
power transmission because the pump speed does not coin-
cide with the driver speed. In these instances variable ratio can
sometimes be incorporated in the speed reduction. The popu-
lar methods for varying speed ratios are:

¢ Mechanical variators

¢ Hydrostatic couplings

¢ Fluid couplings

e Torque converters

e Eddy current couplings
6.9.1.2 Mechanical variators
Mechanical variators are a sub-group comprising:
¢ Variable ratio belts

¢ Variable ratio chains

« Variable ratio friction drives
e Variable ratio gearboxes

Belt and chain drives usually have fixed diameter pulleys and
sprockets. By adjusting the diameter of the pulleys/sprockets
the speed ratio between the two shafts can be varied. Variable
speed belt drives use special cone pulleys to adjust the diame-
ters. Adjustment can be manual or automatic. Power transmit-
ted is up to 25 kW and speed ranges of 9:1 are possible. Vari-
able speed belt drives are mounted like normal belt drives,
inside a guard provided by the purchaser.

Variable ratio chain drives are constructed like gearboxes,
housed within a casing which acts as the oil reservoir. Fixed
gear ratios can be incorporated to adjust the output speed.
Some variable ratio chain drives are designed to be constant
power transmissions rather than constant torque devices; this
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feature can be useful in some applications and must be consid-
ered in the cost evaluation. Small units are capable of 6:1
speed ranges, the larger units, 600 kW with a service factor of
1, only 3:1.

Variable ratio friction drives use discs, rollers or ball bearings
clamped between two flat or specially shaped plates to transmit
the power. One plate is mounted on the input shaft, the other on
the output shaft. The variable ratio is created by adjusting the
contact circles on the plates. Units up to 15 kW are popular; out-
put speed ranges are about 6:1.

The variable ratio gearboxes described should not be confused
with multi-speed gearboxes in Section 6.6. Variable ratio gear-
boxes are epicyclic gearboxes with small control drives at-
tached to the outer gear annulus. The basic epicyclic gear is de-
signed for the required full speed ratio. Then, by driving the
outer gear annulus with a low power source, the gear ratio can
be made infinitely variable. They are usually built specially “to
order” so any configuration is possible.

6.9.1.3 Hydrostatic couplings

Hydrostatic couplings consist of a variable displacement pump
and a fixed or variable displacement hydraulic motor mounted
in one housing which acts as the oil reservoir. The fixed speed
driver provides the power to the variable displacement pump;
variable stroke piston pumps are most usual. The high pres-
sure oil drives the output hydraulic motor. Hydrostatic drives are
constant torque devices, full load torque is available at all
speeds. Up to 200% instantaneous torque can be used at
start-up. Speeds down to 0 r/min are not usual, most units have
a minimum continuous speed limitation dependent upon the in-
put speed to the unit. With 1450 r/min motors, the minimum
speeds would be about 50 r/min. Hydrostatic couplings are very
stable and have a linear characteristic at constant torque.
Over-running protection is inherent in the design as is con-
trolled deceleration. Output speeds up to the input speed are
standard, 1900 r/min maximum, speed range 27:1 with powers
up to 22 kW. Speed control can be adapted to suit the process
requirements. Cooling is by natural convection around the
housing, high ambient temperatures would restrict coupling ca-
pacity.

Hydrostatic couplings can be built as separate units. A power
pack, with reservoir, motor, pump and cooler, can supply high
pressure oil to a remote hydraulic motor. This format can be
useful in hazardous areas. All the electrical equipment can be
in a safe area with only the hydraulic motor in the hazardous
area. Standard packages of this style are available for powers
up to 150 kW. Specials can be built to order to cover virtually
any speed and power requirements.

6.9.1.4 Fluid couplings

Fluid couplings are one of the two types of coupling which use
oil to transfer power from the drive to the pump. Because these
are “torque” transmitters they are always fitted in the drive train
at the highest speed. Fluid couplings would be fitted in the input
side of reduction drives and the output side of speed increasing
drives.

The torque whichis transmitted, and consequently the power, is
dependent upon how much oil is circulating. A scoop in the oil
reservoir adjusts the proportions of oil in the coupling to oil in
the reservoir. When the coupling is full of oil 100% torque is
transmitted. When used with centrifugal pumps on a pure fric-
tion system curve with no static head the fluid coupling is capa-
ble of speed ranges of about 8:1.

For constant torque loads, due to oil cooling limitations, the
speed range is only about 4:1. At speeds less than 100%, the
excess power is given up to the circulating oil and must be ex-
tracted by suitable cooling. The fluid coupling must always op-
erate with some slip, consequently the maximum output speed
is about 98.5% of the input speed. Typical input speeds are up

to 1800 r/min. Couplings over 650 kW are available as stan-
dard. Larger units, up to 1.5 MW, use a pump rather than a
scoop to control the oil flow. Some of the larger units have
built-in gearboxes. Controls can be supplied to suit any system.

6.9.1.5 Torque convertors

Torque convertors are the rotodynamic equivalent of hydro-
static couplings. A centrifugal pump on the inlet shaft transfers
energy to the oil. Inlet guide vanes direct the oil through an in-
ward flow radial turbine on the outlet shaft. Torque convertors
transmit torque and should be in the highest speed shaft.
Torgue convertors are almost constant power devices, rather
than constant torque. At low output speeds output torque is in-
creased. The output speed can also be increased above the in-
put speed. One problem with torque convertors on manual con-
trol is that they can overspeed if the output load is suddenly
reduced. Qil cooling is by external heat exchanger. Couplings
have been supplied for over 10000 r/min and powers over
10MW are not uncommon. Some units have integral gear-
boxes. Controls can be fitted to suit any system.

A special hybrid consisting of a fluid coupling and a torque con-
vertor is available in certain sizes. The internal controls select
the appropriate drive mechanism to optimise efficiency.

Liquid couplings have an important attribute whichis not related
to their variable speed capabilities. All liquid couplings effec-
tively isolate the two sections of the drive train. If a torsional
analysis is necessary, the total drive train can be treated as two
separate systems divided at the coupling. A liquid coupling will
not transmit torsional vibrations and it will act as a dampener for
cyclic torque and speed variations.

6.9.1.6 Eddy current couplings

Eddy current couplings are the electrical version of fluid cou-
plings but can transmit more than 100% motor torque for start-
ing. A small control current, typically less than 0.5 kW, adjusts
the speed and torque relationship between the driven and the
driving halves. Couplings are manufactured in standard sizes;
the torque and speed range being a function of the driver/driven
power to the coupling rating. Couplings are available up to
5MW,

6.9.2 Variable speed drivers

Variable speed drivers are a very diverse group with very differ-
ent characteristics. All of the following are currently used:

o Petrol engines

¢ Diesel engines

e Gas engines

¢ Crude oil burning engines

¢ Air motors

¢ Steam turbines

¢ Gas turbines

o Turbo-expanders

e Hydraulic turbines

e AC squirrel cage induction motors
¢ AC slip ring motors

¢ Switched reluctance motors
e DC motors

The choice of driver is dependent partially on the size required,
the speed range and the energy source available.

6.9.2.1 Petrol engines

Petrol engines are used mainly for portable applications, com-
prising both small light packages which can be man-handled
and trailer mounted units. Speed adjustment is by throttle con-
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trol of the engine. The useful range of speed available is de-
pendent upon the torque characteristic of the pump.
Rotodynamic pump torque, for pumps operating on purely fric-
tion systems, varies approximately as the square of the pump
speed, so allowance must be made for changing efficiencies.
As pump speed is reduced from the rated condition, torque re-
duces quite rapidly. In these situations it may be possible to
achieve a 4:1 speed range. For rotodynamic pumps operating
with high static heads compared to friction heads the engine
may struggle to cover a 2:1 speed range depending upon the
pump characteristic.

Positive displacement pumps with frictional system losses may
approach a 4:1 speed range; with constant discharge pressure
systems the engine may have to be oversized to achieve any
speed range if stalling is to be avoided. Small engines can oper-
ate up to 5000/6000 r/min, larger engines to 3000 r/min. Awide
variety of sizes are available, up to 150 kW being popular.

6.9.2.2 Diesel engines

Diesel engines are used for fixed installations as well as porta-
ble machines. They are used on sites where electricity is not
available or is not capable of supporting the pump load. All the
comments on petrol engines regarding speed ranges apply to
diesel engines. The speed available from diesel engines is
lower; small engines about 3000 r/min, large engines down to
600 r/min. Small diesel engines of 5 kW are available, large
fixed installations use engines up to 5 MW.

6.9.2.3 Gas engines

Gas engines are popular in fixed installations where natural gas
is readily available. The natural gas can be used locally, use-
fully, rather than incurring additional cost by transportation or
wasting by flaring-off. Full details of the gas specification must
be available to the engine manufacturer to allow engine outputs
to be predicted. Gas engines are more similar to diesel engines
than petrol engines. Ali the comments on diesel engines apply
to gas engines.

6.9.2.4 Crude oil burning engines

Like natural gas engines, crude oil burning engines are popular
in fixed installations where there is a good source of supply and
other energy supplies are limited or non-existent. Crude oil
burning engines are similar to diesel engines. Some types of
crude oil may require considerable pre-treatment before being
suitable for use in the engine. Some engines may require start-
ing and warming-up on diesel or gas before the crude oil can be
used. Decisions and costing for crude oil engines can only be
made when all the details of the actual crude oil are available.
Extra costs incurred for pre-treatment or starting on other fuels
may indicate other energy sources to be more cost effective.
The comments for speed and speed ranges given for diesel en-
gines apply to crude oil engines except that small engines are
not available.

Dual fuel engines

As indicated in crude oil burning engines it is possible to run en-
gines on more than one fuel, not generally at the same time.
The most popular combinations are diesel and natural gas, or
crude oil and natural gas. Full details of both fuels must be
given to the engine manufacturer.

Turbo-charged engines

The details given in previous engine categories apply to natu-
rally aspirated engines; that is engines which draw the air sup-
ply through an air filter from the atmosphere. Turbo-charged
engines are becoming very popular. Turbo-charging signifi-
cantly improves the engine efficiency and increases the power
output without much change in the space required. In some
cases turbo-charging seriously modifies the shape of the en-
gine torque curve so that torque reduces rapidly either side of
the optimum operating point. This change in engine character-

istic can considerable reduce the operational speed range of
any pump with any system. This feature must be considered,
with all the other points, when deciding upon the type and size
of an engine.

NOTE: The use of the waste heat, from the engine exhaust,
can significantly improve the overall operating effi-
ciency of the pump installation. The heat can be utilised
for water or process heating or steam raising. In gen-
eral, the extra cost of heat exchangers will be quickly
recovered due to the large amount of heat available.

Engines for hazardous areas

Internal combustion engines can be modified to be suitable for
operation in some hazardous areas. This requirement must be
specified at the initial inquiry stage. Not all engines can be mod-
ified; not all manufacturers are interested in modifications. The
surface temperature requirements, together with any relevant
approvals, must be specified. Hot areas of the engine are
cooled or insulated, electrical auxiliary equipment is uprated.
Special attention is paid to air filters and silencers for arresting
sparks.

Problems with engines in hazardous areas can be alleviated, in
some cases, by installing the engine in a safe area separated
from the hazardous area by a fire wall. Power transmission is
via a spacer coupling which has a special mechanical seal, set
in the fire wall, to prevent direct leakage of the hazardous sub-
stances.

NOTE: All engines can be used with multi-speed gearboxes to
increase the overall useful speed range. The engine
provides the infinitely variable speed capability and the
gearbox can be used to provide several operational
speed ranges. This approach should be considered
when wide speed ranges are required.

6.9.2.5 Air motors

Pumps can be driven by compressed air. Air motors are avail-
able as standard assemblies. Torque characteristics should be
almost constant so wide speed ranges are possible with all
pumps. Sizes are limited to about 5 kW, speeds up to 9600
r/min are possible.

6.9.2.6 Steam turbines

Steam turbines are popular for driving larger pumps, but also
small pumps in situations, such as refining and chemical pro-
cessing, where steam is plentiful. Continuous processes are
best so that time waiting for warm-up is periodic rather thanreg-
ular. Steam turbines can be condensing or pass-out, that is to
say the turbine expands the steam to a lower pressure which is
then used in another part of the process. The torque character-
istic is fairly constant, wide speed ranges are possible. Steam
turbines are built from about 25 kW; there is no practical limita-
tion on the largest size. Small turbines tend to run quite fast,
6000 r/min and faster, but there are no fixed speeds, the gover-
nor can be adjusted for a range of speeds.

6.9.2.7 Gas turbines

Gas turbines are useful for producing plenty of power from a
small space; they also tend to produce much noise. The turbine
itself can be smaill, but has a tendency to be overshadowed by
the air filters and exhaust ducts. Gas turbines are ideal for driv-
ing fast pumps, speeds of 10000 to 15000 r/min are common.
Slower pumps will require reduction gearboxes. Warming up is
generally not a problem; full load can be available in 1 or 2 min-
utes. Gas turbines can utilise a variety of liquid and gaseous fu-
els. Crude oil burning is an option from two manufacturers.

NOTE: The usefulness as a variable speed driver is dependent
upon the torque characteristic which in turn is depend-
ent upon the gas turbine design. A single shaft ma-
chine, one in which the compressor and the turbine are
mounted on one shaft, or two separate shafts but
geared together at a fixed ratio, does not have an ideal
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torque curve. Below the design speed, torque reduces
at a power slightly higher than a square law. The point
of zero drive torque occurs at about 20% speed. This
type of gas turbine will be suitable for some
rotodynamic pumps whose system characteristics
have no static head.

The other type of gas turbine is the free power turbine type; the
compressor and its turbine are on one shaft, the turbine for ex-
ternal drives is mounted on a separate shaft and can rotate at
virtually any speed required. The torque curve of this gas tur-
bine is ideal. The compressor can be allowed to run up to full
speed, if necessary, before the pump is started. Starting torque
can be over double the normal running torque, reducing almost
linearly to full load torque at full speed. Any type of pump or sys-
tem can be operated with a free power turbine gas turbine.
Speed ranges over 5:1 are possible. Turbine cooling may be a
problem for low speed continuous operation with constant
torque pumps.

Gas turbines start at about 25 kW. Overali efficiency can be im-
proved by utilising the waste heat in the exhaust gases. It is
more cost effective to design the pump/system around a stan-
dard gas turbine than to ask the turbine manufacturer to modify
the turbine to suit the pump/system. The world supply of gas
turbines, in some sizes, is extremely limited. When discussing
operational requirements for gas turbine drivers also ensure
that machines will be available for delivery to suit the project
timescale. Some projects have been postponed for two years
waiting for turbine availability. Several manufacturers operate
allocation systems and it is essential to reserve a place in the
queue.

6.9.2.8 Turbo-expanders

Turbo-expanders are effectively the power turbines of gas tur-
bines without the gas generator. They can be used where a
supply of gas is available which can be expanded. The gas uti-
lised may be process gas which is expanded between process
stages or waste gas which is expanded to atmospheric condi-
tions. Speed and torque curves can be adjusted by control and
by-pass valves; most pump requirements can be accommo-
dated. They are built in standard sizes which can be adapted to
suit individual conditions. Turbo-expanders are also built spe-
cially “to order” when a sufficient number of machines is re-
quired.

6.9.2.9 Hydraulic turbines

Pumps can be driven by hydraulic turbines when a source of
high pressure liquid is accessible. The turbine can be a Pelton
Wheel, a Francis turbine or a pump running in reverse. The
pump can be axial flow or radial depending upon the head and
flow available. All hydraulic turbines can be conirolled to pro-
duce variable speed outputs. The choice of turbine type will de-
pend upon the characteristics of the driven pump system.
Pumps running in reverse have become popular over the last
10 to 15 years. Many parts can be made common to the pump
and only one manufacturer is involved. Size and speed is virtu-
ally unlimited.

6.9.2.10 AC squirrel cage induction motors

A standard, off-the-shelf motor, driven by a variable frequency
inverter can produce speed ranges of 10:1, and over, without
problems. This method of speed control is the most popular of
all methods for motors up 125 kW, perhaps even 250 kW.

Full oad torque, plus a margin, is available for starting without
transmitting large current demands into the supply system. Full
load torque is available over the whole speed range. Some mo-
tors may need derating by up to 10% to work with some types of
inverters. There is a need to match the frequency inverter to the
motor in the larger sizes. Care should be taken with continuous
operation at low speeds. Some motors may need a separate
motor driven cooling fan.

Discussions should be held with the motor and inverter manu-
facturers regarding operating conditions. Special attention may
be needed with starting torque or overload capabilities for oper-
ating at relief valve settings. If accurate speed control is re-
quired, for metering pumps for example, some feedback from
the motor to the inverter may be necessary. Some small invert-
ers can accept single phase power at 240 V and drive three
phase motors at 380 V. Some inverters can produce output fre-
quencies up to 120 Hz.

The motor manufacturer must be consulted if motors are to be
overspeeded on a regular basis. Virtually any control system
can be interfaced to an inverter. Large inverters can transmit
significant harmonic signals into the mains supply. Generating
authorities should be consulted when contemplating drives
over 500 kW. Allinverter drives must comply with the statutory
requirements for electromagnetic pollution in all countries.

6.9.2.11 AC slip ring motors

Slip ring motors are also calied AC wound rotor motors. Slip
ring motors were the standard before squirrel cage motors were
invented. The lack of slip rings, plus simpler starting, made
squirrel cage motors much more attractive for most fixed speed
applications. However, slip ring motors continued to be used for
limited variable speed applications and those applications
which involved large inertias requiring long run up times.

The external resistance, connected in series with the rotor
windings, allows the speed/torque characteristic of the motor to
be modified. At low resistance, when the slip rings are shorted,
the torque characteristic is very steep giving a wide range of
torque values for small variations in speed. As the rotor resis-
tance is increased the speed/torque characteristic becomes
shallower giving corresponding torque values at lower speeds.
Full load torque can be made available at any speed. This
method of speed variation can be applied to most practical
pump installations. However, it is not efficient. At reduced
speeds, energy is dissipated in the rotor resistances and exter-
nal cooling, motor driven fans, may be necessary. The motor ef-
ficiency reduces approximately in proportion to the motor
speed.

The sliprings and brushes of wound rotor motors require main-
tenance and this is a disadvantage compared to squirrel cage
motors. Problems can arise with hazardous area requirements.
AC slip ring motors can be useful for large installations, with
heavy inertias creating starting problems, when speed variation
is only required periodically. If a pump was also required to run
as aturbine, then the slip ring motor could become an alternator
and produce power.

6.9.2.12 Switched reluctance motors

The switched reluctance motor, srm, is not a new motor design
but an old motor design concept which has become viable with
the advances of modern electronic power switches. The srmis
similar in some respects to the squirrel cage motor. The motor
rotor does not require copper or aluminium conductors and can
be made from a single steel forging. Very high motor speeds
are possible. The power electronics are used to switch the sup-
ply current to different stator windings. Asrm installation is simi-
lar to a variable frequency inverter supplying a squirrel cage
motor; the srm “inverter” is much simpler than the squirrel cage
version.

The srm package is very useful because of the extra features
possible compared to the inverter/squirrel cage package:

¢ 100% torque at zero speed

* 100% torque holding at zero speed

o No motor overheating at low speed

¢ No motor overheating due to starting inrush currents
o Precise speed control
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* Very high speeds possible

The srm does not have a synchronous speed and cannot be op-
erated without the power electronic controls. The switched re-
luctance motor can be expected to produce significant changes
in the ways variable speed rotodynamic and positive displace-
ment pumps are applied. The very low speeds possible shouid
result in very small accumulators being fitted rather than large
storage tanks. Specialist motor manufacturers are concentrat-
ing on motors up to 300kW.

6.9.2.13 DC motors

DC motors were the principal electrical variable speed drivers
before variable frequency inverters became economically via-
ble. Most applications which used to have DC motors can now
be driven by variable frequency AC motors. DC motors have
two main advantages over AC motors; they can be designed to
run at any particular speed and have a faster response to tran-
sient conditions.

DC motors do not have synchronous speeds like AC motors. A
DC motor could be designed to run at 4500 r/min, for example,
to eliminate the need for a gearbox. If rapid speed changes are
required as part of the normal operating conditions then DC
motors may be better than AC. However, consideration should
be given to the flow variations and pressure pulsations caused
by any rapid speed changes.

The speed of a DC motor, up to its base speed, is controlled by
the armature voltage. When the armature current equals the
rated current, full load torque is available. These motors can
provide full load torque from zero speed up to base speed.
Speeds above base speed, produced by field weakening, are at
reduced torque. Above the base speed, DC motors are con-
stant power, not constant torque. Motor efficiency is high over
the whole speed range. Modern motors are powered via elec-
tronic controllers in a similar manner to variable frequency AC
motors. DC motors have commutators and brushes which re-
quire maintenance attention similar to sliprings. Hazardous
area requirements can cause problems. DC motors are not as
popular as AC motors and are not mass produced in the same
quantities.

6.9.3 Costs

Procurement costs for various speed regulation equipment de-
pends upon the shaft power, maximum speed and the environ-
ment in which the drive is going to be located. To some degree,
extra allowances must be made for ancillary cooling equipment
and in the case of electrical methods, of the effects of feedback
in the mains from thyristors, and protection against incoming
mains transients. The method of speed regulation selected
may affect the procurement costs by a factor of 5. Figure 6.26
indicates the cost of standard three phase squirrel cage AC mo-
tors. Figure 6.27 indicates values for additional cost for speed
regulation in relation to the costs for standard constant speed
squirrel cage induction motors. For choice of equipment see
Section 6.10.

6.9.4 Conversion of pump curves to various
speeds

For rotodynamic pumps the Affinity Laws govern performance
at speeds ny and n,. If equation 4.16, in Chapter 4, is rewritten
for constant diameter impellers then:

QL _n
Q n
H

2
A, _ 1Ny
H, n,

Cost per kW

20' i ....g H HIE SR T |
1 10 100
Motor power kW

Figure 6.26 Costs of standard three phase squirrel cage AC motors
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Figure 6.27 Additional costs for speed regulation for standard constant speed
squirrel cage AC motors

3
P _ [n_]
Pp1 n1
The third part of the equation for power applies only to the ab-
sorbed power of the pump P,.

Equ6.20

NOTE: The Affinity Laws are used to modify the pump charac-
teristics. The Affinity Laws do not predict how a pump
in a system will operate. The equilibrium of the pump
and system characteristics must be found in order to
calculate the pump power and efficiency.

For any given pump in any given system, in accordance with
Figure 6.28, the minimum required speed, ny,,, can be calcu-
lated from the following equation:

n =n._ - \/ Hsta!
min "~ max
H

max

Equ6.21

The lowest required speed has to be known when selecting
speed regulation equipment.

The performance of speed regulated pumps is usually de-
scribed as a family of curves for H-Q and Q-P as shown in
Chapter 5, Figure 5.23. These curves were determined by
means of the Affinity Law, equation 6.20. The power require-
ment in accordance with equation 6.20 refers to the power re-
quirement at the pump shaft. The power requirement for the
electric motor is obtained by dividing by the efficiencies of both
the motor and the transmission, see also Figure 6.29. Fre-
quency inverters and thyristor controllers for DC motors must
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Figure 6.28 Relationship for lowest required speed, n_
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Figure 6.29 Pump unit with power transmission

be included. The overall efficiency is also called the “wire to wa-
ter” efficiency.

For positive displacement pumps the flow is approximately pro-
portional to speed, Q « n. The first part of equation 6.20 can be
used but some allowances may be necessary for variations in
slip. Stip will vary with speed and differential pressure. The dif-
ferential pressure must be evaluated from the system charac-
teristics, see Figure 6.15.

Pump power is the product of flow and differential pressure di-
vided by the efficiency. Just as with rotodynamic pumps, pump
efficiency varies with operating conditions.
Thus for rotodynamic pumps, drive power P:

P Po r-Q-DH-g

P=m_ =
hn hn-h, h,-h.-h 1000

m m

(kW) Equ6.22

For positive displacement pumps with flow in m3/h and differen-
tial pressure in bar, drive power P:
pPn_ P QDR 4,
h, h,-h, h -h.-h 36

Equ6.23

m m tr

6.9.5 Efficiencies of various methods

If the Affinity Laws are applied to a centrifugal pump then, when
the pump speed is regulated down to half speed, the volume
flow also reduces by a half, the differential head to a quarter and
the power required at the pump shaft to an eighth based on a
system without static head. Similarly, when regulating down to
20% of maximum speed the pump shaft power goes down to
0.8% of the power at maximum speed based on zero static
head. The variable speed pump characteristics must be plotted
against the system curve to evaluate the speed, torque, effi-
ciency and power for each duty point. At low speed, losses
within the pump, such as bearing friction and seal friction, may
distort the power curve so that the Affinity Laws underestimate
the power required.

For positive displacement pumps the procedure is exactly the
same. The pump characteristic shapes will be different as will
the variation in pump efficiency. The pump torque and power for
any duty point will be dependent upon the intersection with the
system curve.

The characteristics of variable speed devices differ consider-
ably. Not only is it essential to know the speed, torque and
power of each duty point, but it is essential to know the
timescale of operation at each duty point. it does not make

sense to purchase a costly system which provides high effi-
ciency at 10% flow if the only time low flow is necessary is
during start-up and shut-down which occurs twice a year for a
couple of hours.

Figures 6.30 to 6.34 indicate the general characteristics of the
popular methods used for speed variation. The actual speed
range possible is dependent upon the actual torque required at
any speed. Efficiencies for drivers do not include the efficiency
of any speed reduction necessary. Gearboxes should have
transmission efficiencies of 95 to 98%. Efficiencies for variable
ratio transmissions do not include the driver efficiency. Electric
motors, the most popular driver, will have efficiencies between
80 and 96% depending upon the size.

The two curves in Figure 6.34 represent the variation in effi-
ciency due to size. The dotted lines indicate a possible reduc-
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Figure 6.31 Speed range and efficiency of hydrostatic transmission
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Figure 6.32 Speed range and efficiency —
(a) steam turbine (b) gas turbine with free power turbine
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Figure 6.34 Speed range and efficiency of electric motors

tion in efficiency at low speed due to the requirement to start a
separate motor driven fan to cool the main motor. Any power re-
quired for cooling fans fitted to electronic control equipment
must be considered in the overall efficiency assessment.

6.9.6 Power consumption

In recent years, users whose operating costs are dominated by
pump energy consumption have pioneered the concept of ‘wire
to water’ efficiency. The pump and drive train efficiencies are
not considered in isolation but are combined to produce an
overall efficiency. This process includes variable frequency in-
verters for AC motors and thyristor controllers for DC motors.
Some users have expressed concern over the accuracy of
power measurements, when using the pump manufacturer's
standard instrumentation, for electronic motor speed control-
lers. The controllers distort the power supply by injecting har-
monics. Some users have insisted that the pump manufacturer
needs modern, costly, analysis equipment to accurately mea-
sure the power consumption. This may in fact be strictly correct
and theoretically possible. However, the pump user will proba-
bly be charged for electricity based on measurements taken by
an old-fashioned kWh meter. This then, is the way to measure
efficiency when the pump is being tested.

In operation, of course, the performance of a speed-regulated
pump follows the requirement of the system curve in the H-Q di-
agram. By transferring the intersection points of the system
curve with the various pump curves on the H-Q diagram to the
power diagram the dotted line curve in Figure 6.35 is obtained.
This curve indicates the power requirement when operating
along the system curve. The power requirement is for a pump
with fluid coupling. The speed is expressed relative to maxi-
mum speed for a direct drive pump no = 1. Because of slip in the
fluid coupling a slightly lower maximum speed pump curve is
produced compared to an equivalent direct drive pump.

The energy consumption E in kWh/year will be the power multi-
plied by time, or

E=P..t

mean

Equé6.24

where t, = operational time per year (hrs) and where the mean
power is determined by using Simpson's Rule:

1 2 1
Prean = 'PQ100+_'PQ50+5'PQO

mean = & 3 (kW) Equ6.25
The values Pqigo, Pase and Pgg are the values for power re-
quirement taken from the system curve at volume flow Q4q0, Qs
and Qq respectively, i.e. the flow at 100%, 50% and 0% con-
stancy. See also Figure 6.36. Taken at various values of Q pro-
vides the basis for determination of mean power in accordance
with equation 6.25.

In speed regulation, the regulation efficiency is always equal to
1 because supply always equals demand. The losses in speed
regulation are instead described by a transmission efficiency
N, See also Figures 6.29 to 6.34. The variations in pump speed
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Figure 6.37 Examples of pump efficiency variation for a speed regulated cen-
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Figure 6.38 Examples of pump efficiency variation for a speed regulated re-
ciprocating pump

and also transmission efficiency will depend upon the shape of
the system curve. In some drive arrangements, AC motors with
low speed pumps for example, transmission efficiency must in-
clude everything but the pump.

h, = h-h,-h Equ6.26
where:

T = inverter efficiency (decimal)

Mm = motor efficiency (decimal)

Mg = gearbox efficiency (decimal)
The transmission efficiency for a large drive train would be

Nir = 0.97-0.96-0.97 =0.903

Rotodynamic pump efficiency varies more favourably when
speed regulated than with other methods of regulation, Figure
6.37. The dotted curve represents the normal efficiency change
for a constant speed pump when 100% flow is at BEP. With fric-
tional losses only, (Hsat = 0), pump efficiency remains constant
over the larger part of the flow regulating range. It should be
noted, that if Ht is not equal to zero, then better part-load effi-
ciencies are obtained if the operational point of the pump at full
load lies to the right of best efficiency point. Some process us-
ers will not relish operating passed BEP and detailed calcula-
tions will be required to confirm the financial benefits.

Reciprocating pumps, not surprisingly, react differently to sys-
tem variations. As static head increases in a friction system a
reciprocating pump is able to operate closer to its optimum rod

load even as flow is reduced. The best system is one where the
discharge pressure is constant irrespective of flow rate, see
Figure 6.38.

6.9.7 Regulation system schematics

Aschematic showing the principle of operation for the complete
regulation process of a speed regulated pump, by variable ratio
transmission, is shown in Figure 6.39. The control system can
be local or more usually a sub-system in the plant control sys-
tem. Linearity between signals and required pump function is of
the utmost importance for functional stable regulation. This
condition is emphasised particularly in public water supplies
where very great variations of flow are common. In this applica-
tion, unfortunately, a number of installations using speed regu-
lation are unusable for the simple reason that the importance of
the regulation function was not fully appreciated. In many cases
it is necessary to measure additional parameters, e.g. pump
speed, n, or flow, Q, (dotted signals in Figure 6.39) and to use
these as feedback into the regulation system, if stability is to be
achieved.

Linearity is exploited through comparison between the required
control parameter, generally flow, Q, or speed, n. If both are
measured, the control system can compensate for wear and re-
port on pump condition. When Hg is not equal to zero, Qand n
are no longer linear, see Figure 6.40. For rotodynamic pumps
operating at high differential heads Q and n will never be linear.
As can be seen from Table 6.6 it must be possible to regulate
the speed at small values of flow with very great precision. The
Table has been compiled with the help of additional pump
curves and by interpolation.
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Figure 6.39 Schematic diagram for speed regulated pump
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Figure 6.40 Examples of pump curves for determining the relationship be-
tween flow Q and speed n
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Qlis 0 5 ? 10 15 20 40 100
n rimin ! 1000.0 1001.3 “ 1005.2 10117#1020‘7 1080 1430

Table 6.6 Data compiled from Figure 6.40

| S—

Alternative methods are to linearise the speed by means of
so-called indirect flow measurement or for example to eliminate
speed completely from the control loop and to replace it by flow.
When precise flow control is required, the method adopted for
flow measurement must be selected with great care. It must be
emphasised that rotodynamic pumps produce some cyclic flow
variations and pressure pulsations; centrifugal pumps at high
speed can be quite unacceptable. Flow measurement by orifice
plates, for example, can be impaired by naise in the signal and
may require averaging or smoothing.

Positive displacement pumps can suffer from complex relation-
ships for speed and flow. Slip tends to be a variable rather than
a constant. Changes in speed, differential pressure, and in
some designs temperature, make it advisable to use flow mea-
surement as the primary control signal. Metering pumps usually
run slow enough for slip to be constant; direct speed control will
produce proportiona! flow control.

The dynamic interaction between a speed regulated pump, res-
ervoir or pump sump and pipeline can also be a cause of insta-
bility. In such a case the problem has to be studied with regard
to the response time of the speed regulation, time constant, de-
lay time, filling time of the reservoirs and transient changes in
the flow requirement due to the opening or closing of valves,
among other things. Relatively slow changes in pump speed
are always preferred.

To build up an installation comprising the various component
parts, without carrying out a stability analysis from the point of
view of regulation can involve considerable risks. When buying
packaged solutions one should, for the same reason, try to ob-
tain functional guarantees based upon the actual case. The
process parameters must then be clearly specified as regards
pipeline characteristics, size of pumps, reservoirs, storage and
operational conditions, including variations in the liquid proper-
ties.

Local packaged systems are available commercially as an al-
ternative to the user selecting component parts in order to
make up a complete system. These include pump, drive equip-
ment with speed regulation and control system. In some cases
several pumps are included, of which at least one is speed reg-
ulated. The control system then comprises facilities for the
switching in and out as well as providing for interchange be-
tween the various pumps, so that the method of operation can
be chosen to suit the total function of the process. An interface
to plant control systems can be fitted by using one of the stan-
dard data communication interface protocols; such as 4-20 mA,
RS 232,RS 423, IEEE 488, and 60488 or HART and others; de-
pending upon the nature and complexity of the data.

6.9.8 Schematics for various systems

Schematics are an important tool in system design and control
logic. A large amount of information about the various piped
and electric/electronic systems can be communicated using
simple symbols and boxes. The symbol used for a pump, in the
examples shown in Figures 6.42 to 6.48, complies with several
national standards.

This symbol should not be used in actual schematics because it
does not convey anything about the pump type. If engineers of
different disciplines view and use a schematic, recommenda-
tions and improvements can be suggested based on the pump
types shown.

The symbols shown in Figure 6.41 are proposed for consider-
ation.

6.9.8.1 Variable ratio coupling

Avariable ratio coupling can be hydraulic or electric, see Figure
6.42. Fluid couplings and hydrostatic drives are torque devices,
torque convertors are almost constant power devices and eddy
current couplings are slightly better than constant torque. Fluid
couplings, hydrostatic drives and torque convertors can be
controlled electrically or pneumatically, eddy current couplings
are usually controlied electrically.

Semi-automatic multi-speed gearboxes can be controlled in a
similar manner. The gearbox would be “pulsed” by a digital sig-
nal, which triggers the pneumatics, to change up or down in re-
sponse to the demand. Mechanical variators can usually be
controlled electrically or pneumaticaliy.

6.9.8.2 Voltage regulated induction motor

For an AC induction motor the torque is proportional to the
square of the applied voltage. Speed regulation can be ob-
tained by varying this. A limiting condition, however, is that the
motor should be equipped with a rotor having increased resis-
tance, a so-called high resistance rotor, in order for the losses
to be reasonable. The variable voltage is obtained by means of
a transformer or a thyristor connected in the motor supply, Fig-
ure 6.43. The minimum speed depends on the motor character-
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Figure 6.41 Typical symbols for different pump types
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Figure 6.42 Schematic for speed regulation using variable ratio coupling
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Figure 6.43 Schematic for voltage regulated AC motor
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istics, mainly the magnitude of the rotor resistance. Control
would normally be electric.

6.9.8.3 Frequency regulated induction motor

The speed of an AC induction motor is directly proportional to
the frequency. In frequency regulation the frequency and also
the voltage to the motor is varied simultaneously. The fre-
quency converter, or inverter, is connected in the motor supply,
Figure 6.44. In the frequency converter, the mains power is first
rectified and then the DC current is chopped up to form AC at
the required frequency and voltage. Because the frequency
converter is electronic, electric control is the ideal; all the proto-
cols listed in Section 6.9.6 are used depending upon the control
source.

6.9.8.4 DC motor drive

For a DC motor with constant field, the speed is approximately
proportional to the armature voltage. The armature voltage can
be controlled quite simply for any required value by using a thy-
ristor rectifier to convert AC to DC, Figure 6.45. Electric control
signals similar to frequency converters.

6.9.8.5 Slipring induction motor

The speed of an AC slipring or wound rotor induction motor can
be controlled by taking power from the rotor via the sliprings,
Figure 6.46. The power can be dissipated in an external regu-
lating resistance or fed back into the mains via a thyristor recti-
fier. In the latter case the rotor voltage is rectified and then
chopped back into AC and is fed back into the mains via a trans-
former or sub-synchronous cascade rectifier. Electric control
similar to frequency converters is standard.

6.9.8.6 Engines

Industrialised engines are fitted with governors which contro!
the speed. The governor is set to a specific speed and adjusts
the fuel system to maintain the speed as the load varies. Exter-
nal speed control systems send signals to the engine governor
to adjust the set speed. Most governors have a “tick-over” or
“idling” setting which allows the engine to run slowly during
warming-up or when the pump torque is low, on by-pass or un-
loaded. Governors are available to match any control signal.
Figure 6.47 shows a typical engine arrangement.

6.9.8.7 Air motors

The speed of air motors is regulated by a flow control valve in
the air supply. Control valves may be actuated by air, liquid or
directly by an electric positioner. The control signal can be pilot
air or liquid or digital or analogue electric. The pump flow should
be measured and the speed adjusted to produce the correct
flow, see Figure 6.48.

6.9.8.8 Turbines

Steam and gas turbines are fitted with governors in a similar
manner to engines. The governor is set to the desired speed. In
steam turbines, the governor actuates steam valves which con-
trol how much steam and how many nozzles are in operation to
provide the power to operate at the set speed. Gas turbine con-
trolis identical to engines, the governor controlling the fuel sup-
ply, see Figure 6.47.

6.9.8.9 Turbo-expanders and hydraulic turbines

Both turbo-expanders and hydraulic turbines derive their power
supply from flowing pressurised fluid streams. Neither device
has any control over the fluid source so a flow control valve
must be used to regulate the proportion used. Additional con-
trols may be required in the primary supply to divert or by-pass
fluid which is not used because of load conditions. The pump
user and the manufacturer must agree who supplies the valves.
In principle, control is exactly the same as for air motors, see
Figure 6.48.
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Figure 6.45 Schematic for DC motor drive
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Figure 6.46 Schematic for speed regulation using a slipring motor

6.10 Choice of flow regulation
method

6.10.1 General

The choice of flow regulation in pumping has traditionally been
made largely on the basis of the initial investment required for
the equipment. This method of assessment can be blamed on
design/procure/build contractors who are not responsible for
the ultimate running costs of the plant. As a result of increased
energy costs, however, it has become essential to take into ac-
count the total costs during the whole life of the equipment, “life
cycle cost’, see also Chapter 14. This approach brings with it a
drastic change of established practice, meaning among other
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Figure 6.47 Schematic for engine speed regulation

Control
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Figure 6.48 Schematic for air motor control
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things, that throttle regulation is often being replaced by speed
regulation.

In order to make a correct choice of regulation method, itis nec-
essary to carry out an extensive technical/economic analysis
where consideration is given to:

¢ Systemrequirements for cyclic flow variations and pressure
pulsations and flow range

s Constancy of flow throughout the life of the equipment

¢ Shape of the system curve and the variation in the system
curve due to start-up/shut-down, corrosion, fouling, sea-
sonal production

o Criticality of service, how much of the process depends
upon the operation of this unit

¢ Reliability, i.e. the general requirement for back-up and
stand-by equipment

¢ The ability to modify the equipment slightly or significantly to
cope with process changes due to future refinements or
modifications

o Primary control system

¢ Sensitivity to environmental conditions, particularly humid-
ity, dust, temperature range, gases such as methane, am-
monia and hydrogen sulphide

o Serviceability, particularly with regard to the various skills
required of local personnel invoived, e.g. electrical, elec-
tronic and mechanical

e Energy costs of all available sources, including variations
during the life of the equipment and/or seasonal variations

« Initial cost of equipment
o Life, cost and availability of spare parts
¢ Service life of the equipment and estimated profits

The flow/head required and constancy of flow decide whether
the flow shall be distributed among several pump units, of which
in its turn only one may need to be flow regulated.

The shape of the system curve and constancy of flow will guide
the selection of pump type and flow regulation method.

The need for a stand-by unit, and if the stand-by units requires
regulation, is dependent upon the criticality of the service. Reli-
ability of the unit may be improved by imposing limitations on
the normal operation; reduced speed, reduced power, reduced
operating pressure. The requirement to have a stand-by unit af-
fects the investment calculation significantly; additional space,
piping, valves, cables, control equipment; since the cost sav-
ings from maintaining production have to cover the investment
and operational costs of the stand-by unit.

As can be seen in Chapter 14, the cost of energy is the dominat-
ing operational cost, for which reason a partial optimization of
investment for regulation equipment and energy savings will
give satisfactory results. The energy costs can be determined
by use of the total efficiency factor, see Section 14.3.1, or by
use of total power consumption at various flows.

6.10.2 Direct flow regulation

Tabie 6.7 compares the power requirements for flow control of a
centrifugal pump using different speed methods and with flow
regulation using throttle and on-off regulation to the hydraulic
power.

Flow
20 40 60 80 100
Hydraulic power kW 0.8 6 22 51 100
Variable frequency AC (large) 1 6.5 24 55 109
motor or DC motor (small} 15 85 31 72 140

Flow

20 40 60 80 100
Mechanical variators 8 16 33 61 110
Fluid coupling 10 23 44 74 115
Torque convertor 8 18 37 61 125
Hydraulic coupling 10 19 38 72 129
Throttling 84 90 97 108 110
On-off control (see Figure 6.6) 24 51 76 97 110

Table 6.7 Comparison of power requirement with various methods of flow
regulation of a centrifugal pump with zero static differential head

The comparison applies to one specific case in which the sys-
tem's static differential head is zero, i.e. the only losses are pipe
frictional ones. For other operational cases, particularly with in-
creasing proportion of static differential head, the power sav-
ings are less for speed regulation. When the differential head
consists only of static head, there is in certain cases a 10% to
20% greater power consumption for speed regulation than for
on-off control. In these circumstances a positive displacement
pump may give better results, see Figure 6.38.

The loss of head in the control valve in accordance with equa-
tion 6.17 is not included. This corresponds in this case to a
power of about 35 kW.

From Table 6.7 it can easily be seen that throttling is inefficient.
Throttling, or by-passing, should only be undertaken when the
flow reduction necessary is small and/or the operating time at
reduced capacity is short. On-off control is inefficient for flow
regulation on purely friction systems. If a cheap reliable source
of energy can be obtained the cost of inefficiency can be ne-
gated and the choice of method will be based on initial installa-
tion costs.

6.10.3 Speed regulation

To determine energy consumption it is necessary to summate
power consumption over a period of time using a constancy dia-
gram. Ifthere is no constancy diagram, a rough estimate can be
made using mean flow, or better still that flow which has 50%
constancy. When studying the constancy of flow together with
the performance of the pump already chosen, it is usually diffi-
cult to differentiate between the extreme flow requirement and
the approximate safety margin. The normal maximum flow is
generally less than 80% of the pump flow. The flow with 50%
constancy is therefore usually quite low and can be judged to
be:

e About 80% of maximum pump flow in process industries
o About 30% of maximum pump flow in public water supplies

¢ About 40% of maximum pump flow in heat transport
(central heating and district heating)

Reducing safety margins and operating pumps closer to their
BEP will lower operating costs.

A comparison of the power requirements in Table 6.7 at 60% of
mean flow shows a difference between throttle regulation and
speed regulation by fluid coupling of 97- 44= 53 kW. For exam-
ple, for a capitalised cost for 1 kW of about $525, the difference
in the capitalised energy costs will be about $28,000. Since the
additional costs for speed regulation by fluid couplings could be
about $7,000, the economic superiority of speed regulation is
indisputable, see Figure 6.27.

This example illusitrates that in many cases speed regulation is
well worth considering. The cost of energy is critical. if energy is
virtually free, e.g. waste steam or high pressure gas/liquid,
there is no need to do any calculations. The energy source
must be available for the lifetime of the pump though. As a re-
sult of general studies, it can be said that speed regulation of
rotodynamic pumps for a continuous flow requirement is the
best method of regulation at virtually all powers, if the system
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6 Flow regulation and control

Speed regulation
uneconomical
from a purely

0.8
energy saving
viewpoint
0.6 1
0.4 1
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3
0 . . [“‘"I — | Shaft power
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Figure 6.49 Approximate regions of viability for speed regulation. Method A applies to AC frequency regulation and B to fluid couplings
Figures in £/kW comprise capitalised energy costs based on maximum shaft power, see Table 14.8, in Chapter 14

curve comprises pipeline losses only. A review of other cases
for rotodynamic pumps is shown in Figure 6.49. It can be seen
that the capitalised value of energy costs per kW and the shape
of the system curve, Hga/Hmax s in Figure 6.50, has consider-
able effect.

The limit of economic viability for speed regulation according to
Figure 6.49 gives a first guide regarding the choice of method of
regulation for rotodynamic pumps. As Hga/Hmax increases, pos-
itive displacement pumps should be considered. As a second
step in the assessment, the investment costs for the actual in-
stallation can be compared with the possible energy savings
using speed regulation. Intensive studies of normal pump in-
stallations actually show that possible energy savings using
speed regulation compared to throttle regulation amount to
20% to 60% and depend heavily upon the shapes of the system
and pump curves.

The guideline values shown in Figure 6.51 for energy savings
can serve as a guide at the initial project stage and apply most
closely to the process industries. In this illustration, Method A
includes mechanical variators, frequency controlled AC motors
and thyristor controlled DC motors; Method B includes fluid
couplings and eddy current couplings. For water mains, central
heating and domestic purposes, the energy savings are greater
because of low mean flow. When the flow constancy is known, it
is then of course possible to determine energy consumption for
various regulation methods for the actual pump installation.
The calculations can be simplified to a great extent by using
Simpson's Rule as shown in previous Sections.

H Non-useful work
with throttle regulation
Hmax s / Pump at max speed

System curve

0 Qumax Q

Figure 6.50 The system curve and centrifugal pump curve and their effect on

method of flow regulation determined by the parameter H, /H

Safety factors applied to flow and differential heads carry with
them dramatic increases in costs of pump installations. A flow
safety margin of just 25% can double both the investment and
the operational costs for a pump installation. The consequence
of the increased power consumption due to the safety margin is
eased to some extent with speed regulation as can be seen in
Table 6.8, a summary of costs per kW of shaft power:

Throttle reg £/kW | Speed reg £/kW
Increase in pumps costs 15-60 15-60
Increase in motor costs 20 20
Increase in costs for reg equipment, approx. 10 50
Capitalised energy costs, approx. 300 50
Total of additional costs, approx. 345/390 135/180

Table 6.8 Summary of costs per kW of shaft power

Energy saving %
100

B0 i 1 —

40

Fstat

Hmax

Figure 6.51 Guide-line values of normal energy savings in the process indus-
tries with speed regulation of centrifugal pumps relative to throttle regulation
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6 Flow regulation and control

Method

Pumps

Power kW Application

Multi-speed gearbox

Pipeline pumps

Positive displacement pumps 10 - 2000
Transfer pumps
Semi-automatic gearbox " . Engine dri rtabl
g Positive displacement pumps 100 - 400 ,gl riven portable test pumps
Oil-well fracturing
Mechanical variator Chemical dosing
Metering pumps 1-10 General
Positive displacement pumps 10-200 neralpurpose
Variator can include speed reduction
Hydrostatic transmission ip bi
4 Centrifugal 5-100 Ship bilge pumps
One power pack drives several remote motors
Hydrostatic coupling Centrifugal 5-30 Drive prevents over-running and turbining
Pasitive displacement 5-30 Constant torque drive for high H,,.,
Fluid coupling ) Sewage pumps
Centrifugal 5-100 Liquor & pulp pumps
10 - 200 " )
Hostile environment
Centrifugal 50 - 5000 Circutating pumps for district heating
Very reliable
Torque converter Centrifugal 50 - 20000 Boiler feed pumps
Centrifugal 50 - 5000 Circulating pumps
Edd t ling (* i
y current coupling () Ct_antrlfugal 5-300 Water works & sewage
Mixed flow
Multi-pole AC motor Centrifugal Short pipeline pumps
Mixed flow 0.05-25 Transfer pumps
Axial Circulating pumps
Frequency controlled AC motor (*) All pump types 0.1&up Most applications
Variable speed N «;entnfugal up to 300 High speed pumps
Switched reluctance motor Positive displacement (rotary) up to 150 G d ) .
Positive displacement (reciprocating) up to 300 eneral process and hydraulic power packs

Positive displacement

Primary voltage controlied AC motor Centrifugal Short pipeline pumps
Mixed flow 0.01-20 Circulating pumps
Axial Booster pumps
Slipring AC motor Water works
All 20 -
pump types 0 - 500 Sewage
DC motor (*) All pump types 1-1000 Applications requiring precise speed control and rapid response
Petrol engine Centrifugal Portable pumps for site work, drainage
Diesel engine Mixed flow 1-300
Positive displacement Portable hydrotest pumps
Gas engine Centrifugal i
Crude oil engine Positive displacement 100 - 3000 Pipsline pumps
Air motor Centrifugal
Mixed flow 1-25 High speed pumps up to 9600 r/min from std compressed air
Axial
Steam turbine Centrifugal .
) Boiler feed pumps
Mixed flow 25& up . . . .
Axial Used in refineries as main pump, electric stand-by
Gas turbine Centrifugal
Mixed flow 25&up Used where steam & electricity not available, popular off-shore
Axial
Turbo-expander Centrifugal
Mixed flow 10 & up Used in continuous processing, refineries with hp gas streams
Axial
Hydraulic turbine Centrifugal
Mixed flow Used in continuous processing, refineries, RO, with hp liquid
. 10 & up
Axial stream

Table 6.9 Typical applications for speed regulation RO = reverse osmosis fresh water production

(*) Control equipment requires cooling air free from excess humidity

The need to determine real pump data as early as the initial pro-
ject stage, is clearly illustrated by the above costing example
which also underlines the importance of modifying pump data in
accordance with possible changes in operational conditions.

The initial cost of the actual pump equipment increases with
speed regulation by 80 to 150 £/kW shaft powerin small pumps,
about 10 kW, and by 20 to 80 £/kW for larger pumps, about 100
kW, depending upon the type of speed converter and ancillary
equipment, see Figure 6.27.

All of the previously mentioned types of drive equipment are
suited to various types of application. Table 6.9, which is by no

means exhaustive, shows just how widely varied applications
and sizes are.

When comparing various methods of speed regulation it should
be noted that it is the speed regulation itself which is responsi-
ble for the greater part of the energy savings. The method of
speed regulation and its transmission efficiency only have mar-
ginal effects, as can be seen from the following examples of typ-
ical investment calculations, see Table 6.10.
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6 Flow regulation and control

DC motor drive AC
variable frequency

Fiuid coupling

Capital investment costs

! Eddy current
f
I

£15000 £8000

Savings in energy costs £ p.a.

£5000 £4000

Pay back time

1
|
|

3 years 2 years

Marginal investment

l

£15000 - £8000 = £7000

Marginal savings
e

£5000 - £4000 = £1000 p.a.

Pay back time

7 years

Table 6.10 Typical investment calculations

On the basis of these calculations both groups seem to be en-
tirely acceptable. If the marginal investment is now studied, we
get: The pay back time of 7 years is matched roughly by the
write-off time of 30 years at the interest factor 15% and means
that variable speed motors in this case are uneconomical com-
pared with variable speed couplings.

In the same way as in the marginal calculation one may find that
variable speed motors offer the same economic viability as vari-
able speed couplings only when the procurement costs for mo-
tors do not exceed couplings by more than 20% to 30% i.e. the
same value as corresponds to the greater energy savings of
motors.

6.11 Useful references

HART Communication Foundation, 9390 Research Boule-
vard, Suite 1-350, Austin TX 78759 USA. Tel: 512-794-0369,
Fax: 512-794-3904, www.hartcomm.org.

IEEE488.2 -1992 (R2004) IEEE Standard Codes, Formats,
Protocols, and Common Commands for Use with IEEE Stan-
dard. 488.1-1987, IEEE Standard Digital Interface for Pro-
grammable Instrumentation, (Now replaced by IEC/IEEE
60488 -2-2004).
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