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Foreword
Only an optimal designed pump will also ensure optimal plant operation. Therefore it is important for every
application to precisely use the pump solution that perfectly matches the individual conveying task. Among
other things, the requirements of the medium, optimization of energy consumption and realization of long
lifetimes are decisive.
Nowadays, there are virtually no limits on the pump design due to modular construction system and the possibilities are multi-faceted: Shaft seals range from a single mechanical seals to double sealing systems to the
magnetic coupling. The material range comprises grey cast iron version, e.g. for water and coolants, bronze
for sea water, stainless steels for process engineering and special steels such as duplex steel and Hastelloy
for oil and gas. Special pump hydraulics enable gas-loaded liquid supply, enrichment of liquids with gases,
solids transport and low NPSH values.
The EDUR Pump Guide has been created to support pump users of all work and experience levels. Not only
the up-to-date engineering expertise for pump technology has been processed, but also the extensive practical wealth of experience gained in the long history of the company EDUR has been incorporated. The EDUR
Pump Guide is intended to help engineers and technicians who are responsible for the planning and installation of pumps and pump systems. Pump knowledge is paramount for the design and smooth operation of a
pump and thus for the entire system. The need for professional assistance is enormous here.
May this first English edition of The EDUR Pump Guide provide plentiful benefits to users all over the world
for their daily work.

Dr. Glenny Holdhof					

Dr. Jürgen Holdhof
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Symbols & Abbreviations
Chapter 1 Basics of centrifugal pumps
nq

Specific speed

1/min

n

Speed

1/min

Q

Volume flow rate/flow rate

m³/s

H

Head

m

Hth

Theoretical head

m

fq

Number of inlets of the impeller

–

zst

Number of impeller stages

–

P

General power

W

P

Coupling power

W

Pu

Effective output transferred to the conveyed fluid

W

ŋ

Efficiency

%

p

Pressure

Pa

pabs

Absolute pressure

Pa

c

General flow velocity

m/s

c

Absolute velocity

m/s

cu

Circumferential component of the absolute velocity

m/s

cm

Meridian component of the absolute velocity

m/s

w

Relative velocity

m/s

wu

Circumferential component of the relative velocity

m/s

u

Circumferential speed

m/s

z

Geodetic height

m

Y

Specific conveying capacity

m²/s²

g

Gravitational acceleration

m/s²

Symbols & Abbreviations

ρ

Density

kg/m³

ṁ

Mass flow rate

kg/s

r

Radius

m

β

Blade angle

°
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ρ

Density

kg/m³

m

Mass

kg

V

Volume

m³

τ

Shear stress

N/m²

ŋ

Dynamic viscosity

Ns/m²

γ̇

Shear velocity

1/s

ν

Kinematic viscosity

m²/s

σV

Volume concentration

–

Q

Volume flow rate/flow rate

m³/s

A

General surface area

m²

c

General flow velocity

m/s

Re

Reynold‘s number

–

d

Diameter / hydraulic diameter

m/mm

U

Circumference

m

λ

Pipe friction factor

–

k

Absolute roughness / roughness value

mm

Hv

Pressure head losses

m

l

Length

m

g

Gravitational acceleration

m/s²

ζ

Drag coefficient

–
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τ

Tolerance

%

n

Speed

1/min

Q

Volume flow rate/flow rate

m³/s

P

Coupling power

W

H

Head / Energy head

m

HA

System head

m

Hstat

Static part of the system head

m

Hdyn

Dynamic part of the system head

m

NPSH

Net Positive Suction Head

m

NPSHR

Required NPSH of the pump

m

λ

Scale factor for characteristic curve conversion

–

D

Impeller tip diameter

m

p

Pressure

Pa

pabs

Absolute pressure

Pa

c

General flow velocity

m/s

z

Geodetic height

m

Hv

Pressure head losses

m
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n

Speed

1/min

Q

Volume flow rate/flow rate

m³/s

H

Head / Energy head

m

HA

System head

m

D

Impeller tip diameter

mm

HV

Pressure head losses

m
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Chapter 5 Cavitation and suction behaviour
NPSH

Net Positive Suction Head

m

NPSHR

Required NPSH of the pump

m

NPSHA

Existing NPSH of the system

m

NPSH3

NPSH at 3 % head drop

m

NPSHx

NPSH at i % head drop

m

NPSHi

NPSH at first visibility of vapour bubbles

m

p

Pressure

Pa

pe

Gauge pressure

Pa

pamb

Ambient pressure

Pa

pD

Evaporation pressure

Pa

c

General flow velocity

m/s

H

Head

m

HA

System head

m

g

Gravitational acceleration

m/s²

ρ

Density

kg/m³

z

Geodetic height

m

HV,S

Pressure head losses in the suction line

m

TW

Water temperature

°C

Chapter 6 Shaft seals
A

Sliding surface of a mechanical seal

mm²

AH

Hydraulically stressed surface area of mechanical seal

mm²

k

Area ratio of a mechanical seal

–

Qmechanical seal

Leakage of the mechanical seal

mm³/s

rm

Average radius of the sliding surface

mm
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h

Average gap height between the sliding surfaces

mm

Δp

Pressure difference required to be sealed

Pa

ŋ

Dynamic viscosity of the fluid

Ns/mm²

b

Radial measurement of the sealing gap, sealing width

mm

PV

Power loss

W

Chapter 7 Drives
n

Speed

1/min

n0

Synchronous speed (electric motor)

1/min

nN

Nominal speed (electric motor)

1/min

f

Frequency

Hz

p

Number of pole pairs

–

s

Slip

%

ŋ

Efficiency

%

Q

Volume flow rate/flow rate

m³/s

P

Power

W

PN

Nominal power

W

M

Drive torque

Nm

MN

Nominal torque

Nm

MK

Overturning moment

Nm

MA

Starting torque

Nm

I

Current/power

A

IN

Nominal current

A

IA

Inrush/starting current

A

I0

Current at synchronous speed

A

U

Voltage

V

T

Temperature

°C

t

Time

s

Symbols & Abbreviations

Chapter 8 Automation technology for pump processes
R

Resistance

Ω

I

Current

A

Chapter 10 Environmental and economic sustainability
LCC

Life cycle costs

€

C

Costs

€

Abbreviations
MEI

Minimum energy efficiency index (water pumps)

EEI

Energy efficiency index (circulating pump)

GLRD

Mechanical seal

3PAM

Three-phase asynchronous motor

IEC

International Electrotechnical Commission

NEMA

National Electrical Manufacturers Association

ATEX

„ATmosphère EXplosible“

LPG

Liquid hydrocarbon

LCC

Life cycle costs

Indices
1

… coordinate located upstream

2

… coordinate located downstream

I

Entry into the system/suction tank

II

Exit out of the system/pressure vessel

i

ith phase of a mixture

m

averaged

AF

Valves and fittings

total

Total

total

Total

max.

maximum (peak value)
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1. Basics of centrifugal pumps
Centrifugal pumps are designed for the transfer of incompressible fluids which are in liquid form and can
contain a proportion of gases or solids. Centrifugal pumps effect energy transfer from the machine to the
conveyed fluid which is exclusively caused by means of fluidic processes. Apart from centrifugal pumps there
are further pump types which do not rank among turbomachinery. In case of displacement pumps, the conveyed fluid is transferred by positive displacement and cannot flow unhindered through the pump. Table 1
provides an assignment of the most common pump types to the displacement pumps and flow pumps.
Pumps
Flow pumps

Displacement pumps

Centrifugal pumps

oscillating displacement pumps

Rotary positive displacement pumps

Axial pumps
Diagonal pumps
Radial pumps
Side channel pumps
Peripheral pumps

Reciprocating pumps
Air operated diaphragm pumps

Gear pumps
Screw-spindle pumps
Progressive cavity pumps
Hose pumps
Vane pumps

Table 1 Overview of pump types

In the present manual, only centrifugal pumps are dealt with. To begin with, the modes of action and the
general constructional design of centrifugal pumps are explained in the following sections. Moreover, the
most important characteristic values are introduced and relevant fluid base equations are considered.

1.1. Modes of action
The flow mechanism in a centrifugal pump can be described by means of Figure 1 as follows: Due to energy
gradient, the fluid flows via a suction nozzle through the suction area into the rotating impeller. Via a shaft,
the pump unit takes up mechanical power from a drive motor. The blades of the impeller, which is firmly
seated on the shaft, exert a force effect on the fluid, increasing its angular momentum. As a consequence,
pressure and absolute velocity increase. This means that energy is transferred to the conveyed fluid. The proportion of energy, which is present in kinetic form in the increased absolute velocity, is usually transformed
by means of a diffuser element into additional static pressure energy. Nowadays, volute housings or bladed
diffusers are usually used as a diffuser element. Together with the impeller, the diffuser element represents
the so-called hydraulics of the pump. Analogous to the pump inlet, an energy gradient must be present
also after the pump after fluid exits the pressure nozzle in order to maintain the flow. Occurring losses in
the system, for example due to friction or leakage flows, increase the necessary power input of the pump.
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Pressure nozzle

Shaft seal

Electric motor

Diffuser element

Shaft
Cover
Suction nozzle
Impeller

Housing

Figure 1 Structure of a centrifugal pump

1.2. Design features
1.2.1. Construction types
Centrifugal pumps differ from each other in terms of constructional and functional features on account of
the pre-defined installation site and the fluids to be pumped. Different installation types can be realized for
pumps of one series. The hydraulic properties and the flow characteristics remain virtually unchanged during
the process. As shown in Figure 2, main features are the arrangement of the shaft in horizontal or vertical
position, the position of the pump nozzles and the connection type of the pump to the drive unit by means
of a coupling or in direct installation on the motor shaft (close-coupled design).
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Horizontal pump
Single-stage
Coupling

Multi-stage

Close-coupled design

Coupling

Close-coupled design

Vertical pump
Single-stage
Coupling

Multi-stage

Close-coupled design

Close-coupled design

Figure 2 Common installation types of centrifugal pumps

1.2.2. Impellers
The center piece of a centrifugal pump are the impellers. They affect energy transfer from the machine to
the conveyed fluid. Because special impeller designs for different conveying tasks have turned out to be
most favorable in the course of time, the pump impellers used differ in the following characteristic features:
Alignment of the impeller blades axial, half-axial (=diagonal), radial
Design of the impeller channel open, half-open, closed
Axial thrust

relieved, not relieved

Design of the impeller blades

cylindrical, spatially curved

Arrangement of impellers

single-stage and multi-stage, single-flow and multi-flow

Hydraulic design

full impeller, turned-off impeller

The alignment of the impeller blades is determined by the desired head H, the speed of the drive shaft n and
the pump flow rate Q. This performance data can be combined in the specific speed nq. The key figure thus
reflects the conveying task and is calculated according to the following equation

16
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 = 





Equation (1.1)


( ).


In equation (1.1), the number of impeller stages is taken into account by zst and the single-flow or multi-flow
design of the impeller by fq (e.g. for one-flow: fq = 1).
Small specific speeds occur with large heads and small volume flow rates. For these operating ranges impellers are used, the blades of which have a radial alignment (perpendicular to the rotational axis of the pump
shaft). The larger the flow rate with a relatively small head, the larger is the specific speed and the more
axial (in the direction of the shaft axis) are the impeller blades constructed. Both in the lower and upper
range of the specific speeds, there are limits which result from feasibility studies. In case of very low specific
speeds, a better choice is a multi-stage pump. In that case, tandem-arranged impellers achieve the desired
total head. Every stage, in its own right, has an expedient specific speed. If due to a conveying task the use
of axial impellers is required in actual fact, radial impellers which are arranged in multi-flow design can be
used alternatively. With such an arrangement, the total flow rate is divided into several impeller stages. Moreover, the impeller design is influenced by gas and solid proportions. This circumstance is further explained
in Section 3.2.

Radial impeller

nq up to 25 nq up to 40 nq up to 70

Half-axial impeller Axial impeller

nq up to 160

nq 160 to 400

Figure 3 Impeller shapes depending on the specific speed

Radial impellers of centrifugal pumps are mostly executed in closed form. In this case the blades are fixed on
a hub which passes into the impeller hub. The blades are covered by a cover disc. With “half-open” impellers,
this upper disc is missing. If, in addition, parts of the hub are missing, this is called an “open” impeller design.
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Figure 4 Open, closed and half-open impeller design

Positive characteristics of open impellers include simplified casting and good compatibility with multi-phase
flows. A constructively fundamental aspect is the axial thrust of the impeller. Apart from impulse and pressure forces at the impeller inlet and outlet, especially the compressive forces in the impeller side space are
decisive for the axial forces. Open impellers are almost completely relieved, whereas closed and half-open
impellers experience a resulting axial force. Relief bores in the hub usually serve as a constructive solution to
relieve these impellers. Open or relieved impellers cause lower strain on the shaft bearing.
With open impellers, the so-called disc friction is greatly reduced due to the almost completely removed hub
and the missing cover disc. Disc friction represents a loss which normally occurs by shear forces in the fluid
which is located between the rotating impellers and stationary parts.
If impeller blades are designed with a spatial curvature, then with the aim of achieving an optimized flow
into the blades on all stream lines. Thereby, lower NPSH values are achieved than with cylindrical blades
(see Chapter 5). Moreover, the blade length is enlarged due to a leading edge which is pulled widely into the
suction area, whereby there is an improved blade stress. For pumps with lower specific speeds nq < 20–25,
for small pumps and pumps which are used for secondary purposes, cylindrical blades are also justifiably
usable. Compared with spatially curved blades, they do not have any relevant efficiency losses in their operating ranges.
Impellers which are designed for a special best efficiency point are called “full impellers” (see Section 3.1).
The head can be adjusted by trimming its outlet diameter in case of an open and closed design.
1.2.3. Diffuser element
At the outlet of the impeller, the conveyed fluid has – apart from a higher pressure energy – also a higher
kinetic energy than at the inlet into the impeller. With pumps having a lower and medium specific speed, this
kinetic energy represents a non-negligible share of energy supplied to the impeller. For a good efficiency it
is therefore necessary to further delay the flow by means of diffuser elements in order to increase the static
pressure. According to the rules of hydrodynamics, this can be achieved by means of cross-section expansion, the so-called diffusers. There are two ways of constructively designing diffusers: Pipe diffusers with a

18
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certain cross-section expansion have a fixed delay ratio. Examples for this include diffuser blade channels of
diffuser pumps. In contrast, jam diffusers, such as the spiral of a volute housing pump, have a varying delay
ratio depending on the incoming flow.
Common diffuser elements in pumps are designed as a combination of jam and pipe diffusers. For single-stage pumps, volute housings acting as jam diffusers are mostly used with a downstream conical pressure
nozzle. Bladed guide wheels are also common, whereas concentric or semi-concentric annular housings and
bladeless diffuser rings are used more rarely, because only lower pressure energy can be built with them.
They are always designed for a defined flow rate, enabling a low-loss energy conversion only for this operating point. In the course of the hydraulic design, attention has to be paid to a design of impeller and diffuser
element. Cavitation problems (see chapter 5) in the diffuser element can determine the pump’s NPSH value
to the same extent as in the impeller. At the circumference of the impeller, volute housings produce unequal
pressure distribution, whereby a radial force acts on the pump shaft. With diffuser pumps, the flow at the
circumference of the impeller is symmetrical so that no radial force occurs.

Figure 5 Constructional versions of the diffuser element
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1.3. Characteristic values
Apart from the specific speed nq, which was introduced in Section 1.2.2, characteristic values of a centrifugal
pump include the operating parameters of a centrifugal pump. They are called performance data and comprise
• Flow rate Q
• Head H
• Speed n
• Conveying capacity Pu
• Efficiency ŋ
A pump has always to be designed in such a way that its performance data fulfil the conveying task placed
by the system and described in more detail in chapter 2.
1.3.1. Performance data
The flow rate Q describes the usable volume flow rate which leaves the pump per time unit on the pressure
nozzle.
The number of rotations per time unit of an equally rotating pump shaft is recorded in the speed n. A pump
is designed for a certain direction of rotation and is marked accordingly by the manufacturer.
The energy transferred from the pump to the conveyed fluid is determined by means of an energy balance
(Bernoulli‘s equation) between the suction and pressure nozzle of the pump by the head H according to the
equation (1.2) or by the specific conveying capacity Y=H∙g according to the equation (1.3). Assuming the
transfer of incompressible fluids, the energy of the fluid is proportionately present as static pressure head p/
ρg, velocity energy head c²/2g and potential energy head z.
=
=

, − ,  − 
+
+ ( −  )
2
∙

, − ,  − 
+
+ ( −  )
2


Equation (1.2)

Equation (1.3)

The head of a pump is stated in the measurement unit of meters. When stating performance data of the
pump, this leads to the following advantage: Regardless of the conveyed fluid, a pump always provides the
same head. The static pressure difference, which is generated between the inlet and outlet nozzles of the
pump, depends on the density of the conveyed fluid (see equation (1.3)).
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The effective output Pu transferred to the conveyed fluid is given by the product of the specific conveying
capacity Y and the conveyed mass flow rate m = ρ Q
 =  ∙  =  ∙  ∙  ∙ 

z2, c2

Equation (1.4)

p2

+z
z=0

z1, c1

-z
p1
Figure 6 Reference planes to determine the head

According to equation (1.2), the potential energy head difference and the velocity head difference are also
incorporated into the head of a pump, apart from the static pressure head difference. In the process, the
velocity head at the outlet of the pump is not available as directly usable energy to the pump system. In
order to realize low velocity heads in the pressure line and high static pressure heads, low flow velocities are
required by means of correspondingly large pipe cross-sections. Furthermore, the flow losses in the pressure
line decrease with the flow velocity (see Section 2.3). Cross-section expansions between the pressure nozzle
of the pump and the pressure line of the system must be adequately dimensioned in order to ensure lowloss conversion of the velocity head into static pressure head.
In diffuser pumps (see Section 1.2.3), the downstream flow of the diffuser blade channels has only a low
velocity head and a high pressure head. The pump housing only serves as flow control towards the pressure
nozzle. The pressure nozzle diameter is dimensioned with the objective of a low flow velocity. Then the
velocity head only accounts for a small share of the head. As a general rule, the pressure line can be installed in the dimensions of the pressure nozzle of the pump, with no cross-section expansions or reductions
being required.
With volute housing pumps, the fluidic design of the spiral inevitably leads to a relatively narrow end
cross-section of the spiral. It follows that, on the pressure nozzle, there is a relatively large share of the head
as velocity head. To that effect, an additional pipe diffuser in the pressure line of the system is still required.
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On the basis of example 4 in Section 11.4, it is clarified that a “one-sided” view of the head should be avoided
and that always knowledge of the velocity head and its share of the head is required for the planning of
the system.
1.3.2. Losses and efficiency
In a pump, losses contribute to the fact that mechanical energy, which is provided to the pump via the shaft,
cannot be completely transferred to the conveyed fluid. The losses can be divided into external and internal
losses:
External losses
• Mechanical losses in bearings, seals, couplings etc.
Internal losses
• Hydraulic losses (fluid friction, flow separation and momentum exchange)
• Gap and leakage losses
• Disc friction losses
Mechanical losses which do not change the properties of the conveyed fluid are summarized as external
losses. They occur, for example, in bearings, seals, couplings and other auxiliary units. Moreover, hydraulic
losses, gap and leakage losses as well as disc friction losses occur. These so-called internal losses result in a
temperature rise of the conveyed fluid.
Hydraulic losses (= flow losses) are mainly caused on the impeller and diffuser element due to fluid friction,
flow separation and momentum exchange. There is a dependency, among other things, on the quality of the
surface and cross-section modifications in the blade channels.
Gap and leakage losses occur in a variety of forms with closed and open impellers. With closed impellers, as
can be seen from Figure 7, there occurs a leakage flow in the impeller side space from the pressure to the
suction side of the impeller. Conveying this additional flow rate increases the required energy consumption
of the pump. With open impellers, it comes to a flow around the blade from the pressure and suction side.
Thereby, different effects occur which influence the general flow and pressure distribution in the impeller.
Gap losses are particularly depending on the geometry of the gap and the pressure difference present on
the gap.
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Figure 7 Slip flow with open and closed impellers

Disc friction losses occur due to shear forces in the fluid, which is located between rotating impellers and
stationary parts, e.g. in the impeller side space. Disc friction losses increase with a rise of the viscosity of the
conveyed fluid.
Due to the occurrence of the stated losses, the required coupling power P is always larger than the effective
output of the pump Pu. In this context, pumps as also other machines, can be evaluated by their efficiency ŋ.
=

  ∙  ∙  ∙ 
=



Equation (1.5)

1.4. Fluid-mechanical core equations
The flow process in centrifugal pumps is described by the physical principles of fluid mechanics. This includes
conservation laws, model representations about boundary layer behaviors and flows in laminar or turbulent
forms as well as knowledge about flow losses. The energy transfer within an impeller can be considered by
means of velocity triangles, as shown in Figure 8.
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Figure 8 Velocity triangles on the impeller

Static pressure increases in the impeller channel due to the delay of relative velocity and increase of the
circumferential speed. Additionally, an increase of the absolute velocity leads to a higher kinetic energy of
the conveyed fluid. The theoretical head, which sets in with a flow without losses, can be calculated as total
energy supply through the impeller from the pressure and velocity energy:
 =

( −  ) ( −  ) ( −  )
+
+
2
2
2



 

Equation (1.6)




This equation can be transformed by means of the trigonometrical relationships of the velocity triangles
towards the Euler’s main equation of the turbomachinery:
 =

1
( ∙  −  ∙  )
  

Equation (1.7)

The actual flow conditions in the impeller channel deviate from the theoretical considerations. In case of
an ideal idea of an infinite number of blades, the flow follows the course specified by the blade (= blade-congruent flow). In case of a finite number of blades, however, there is always less flow deflection than
would be specified by the blade curvature. This so-called slip factor is caused by the fact that different flow
and pressure distributions are present on the suction and pressure side of the blade. It necessitates that
the circumferential component, and thus also the transferred energy, are lower than could be theoretically
expected according to the equations (1.6) and (1.7).
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2. Conveying task
In a pump system, a centrifugal pump is used for a so-called conveying task. That means that it has to transfer a particular flow rate of the conveyed fluid to a required pressure level in order to maintain the supply in
consideration of the present pressure losses on the system side. Crucial influences of the conveying task on
the design of the centrifugal pump therefore result from:
Conveying needs
• Currently required flow rate and pressure level
• Consideration of a time-dependent demand situation
Properties of the conveyed fluid
• Pressure, temperature, density, viscosity
• Composition incl. gas and solid proportions
System characteristics
• Flow velocity
• Pressure losses
These aspects are specified in more detail in the following sections. The questions of how they affect the
flow characteristics of centrifugal pumps and how a suitable pump has to be chosen according to a given
conveying task, is dealt with in Chapter 3.

2.1. Conveying needs
The consumption behavior of one or more consumers in a centrifugal pump system necessitates the demand
for pressure level and flow rate. Moreover, during system operation, it may come to more or less considerable
temporal fluctuations of the conveying needs, for example due to switching off some consumers. The centrifugal pumps used in the system must therefore be adjusted to the changing conveying tasks in order to
meet the system needs in a cost and resource-efficient way. For this purpose, usable options for the control
of the pumps are dealt with in detail in Chapter 4.

2.2. Conveyed fluid
For a correct technical jargon in the context of the conveyed fluid, it is required at this point to explain notions and distinguish them from each other:
Generally speaking, the conveyed fluid is that mixture of substances with corresponding physical properties
which is conveyed in the centrifugal pump. It can consist of one or several phases. One phase represents a
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share of the conveyed fluid which has physical and chemical properties of the same kind. Depending on the
aggregation state, phases can be liquids, gases and solids. In flow technology, the superordinate term of fluid
for liquids and gases is also common.
2.2.1. Substance properties
Fundamentally relevant substance properties of the conveyed fluid are density and viscosity. For both, there
is a reliance on the temperature. Exemplary for this, the values of selected fluids for 20°C are listed in Table 2.
Liquid

Temperature
°C

Density
kg/m³

Viscosity
10-4 m²/s

Water

20

998

1,004

Ethanol

20

789

1,19

Benzene

20

733

0,75

Olive oil

20

900

93,0

50 % propylene glycol

20

1043

6,4

50 % propylene glycol

-20

1061

68,7

Table 2 Viscosity and density of selected fluids

Density is the quotient of mass and volume.
=




Equation (2.1)

Centrifugal pumps mainly convey liquids which rank among the “incompressible fluids”. Their density is independent of pressure, but depends on the temperature. With increasing temperature the density decreases,
because the fluid expands.
Viscosity describes the thickness of a fluid. With a low viscosity, it is more flowable than with a high viscosity.
Viscosity is therefore to be understood as the resistance of the fluid against shearing.
For better illustration of viscosity, the model test illustrated in Figure 9 can be used. Therein, the flow state
is shown in an even gap, where the lower plate is at rest and the upper plate moves with the velocity v. Due
to friction, the external fluid layers adhere both on the plate being at rest and on the moving plate (= noslip condition). That way, a velocity profile forms in the gap perpendicularly to the direction of movement.
If the fluid is divided into several levels within the gap, a velocity gradient between the individual levels is
shown which is referred to as shear velocity ẏ. Depending on the viscosity, a shear stress τ occurs between
the levels of the fluid
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Figure 9 Model test on viscosity

There are fluids with different viscosity characteristics, that is the relationship between shear stress and
shear velocity:
For Newtonian fluids, e.g. water, there is a linear relation between the shear stress τ and the shear
velocity ẏ, with the dynamic viscosity ŋ occurs as a proportional factor. The relevant equation is known as
“Newton’s law”:
 =  ∙ 

Equation (2.2)

Also commonly used is the kinematic viscosity ŋ as quotient of dynamic viscosity ŋ and density ρ
=




Equation (2.3)

Non-Newtonian fluids show non-linear viscosity characteristics. Their viscosity is dependent on time and
shear velocity. With intrinsically viscous (= shear-thinning) fluids, the viscosity decreases with increasing
shear velocity (e.g. non-dripping wall paint). The situation is exactly the other way round with dilatant
(= shear-thickening) fluids which show a high density in case of high shear velocity (e.g. maize starch).
Moreover, particular materials show underneath a yield point, that is a minimum shear stress, an elastic
or plastic material behavior. A known example for that is ketchup which follows the regularities of a
“Bingham fluid”.
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Figure 10 Connection between shear stress and shear velocity of different types of fluid

The dynamic viscosity of most fluids decreases with increasing temperature. A dependence on pressure does
not have an impact until high pressure values occur, with a rise in pressure affecting an increase in dynamic
viscosity.
2.2.2. Multi-phase system
In many pump applications, there are multi-phase conveyed fluids. With a two-phase conveyed fluid, a distinction is made between a continuous phase and a dispersed phase. The continuous phase in a centrifugal
pump application can be characterized as liquid by its density and viscosity. The dispersed phase consists
either of gas contents or solid proportions. For one thing, they are described by density and viscosity. On the
other, the particle size distribution is an important characteristic. The composition of a multi-phase mixture
can be described via the concentrations of the individual phases and the mean density and viscosity of the
mixture. The concentration and mean density can be determined by means of the following equations.
Volume concentration

Mean density

, =
 =
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∑  


Equation (2.4)

Equation (2.5)

In the relevant literature, there are different calculation approaches, which have to be distinguished depending on the mixtures (emulsion, suspension, etc.).

2.3. Basic principles of pipe flow
Pressure losses in the system result from the flow velocity of the conveyed fluid as well as the size, form and
surface condition of the pipes. They have a non-negligible influence on the design of the centrifugal pumps
to be used as well as on the efficiency of the whole system. For this reason, the relevant basic principles for
the calculation of pipe flows are listed in the following.
2.3.1. Flow velocity
The flow velocity c of incompressible fluids in pipes is inversely proportional to the pipe cross-section A.
This was discovered in 1797 by the Italian physicist Giovanni Battista Venturi and is therefore known as the
Venturi effect.
 
=
 

Equation (2.6)

In order to avoid impacts and pressure losses due to delays of the flow, the flow velocity in pipes should be
held constant. Correspondingly, the pipes of the system have to be designed without sudden expansions of
the pipe diameter.
Furthermore, the flow velocity has an influence on the pressure losses which are viewed at in more detail in
Section 2.3.2. In order to hold the pressure losses as low as possible, and therefore the energy needs, large
pipe diameters and thus a low flow velocity are appropriate. As a result, the operating costs of the system
and the investment costs of the pump can be reduced. The selection of larger diameters, however, will find
its limits due to the increasing investment costs.
In pump systems, the following aspects have to be considered when selecting the flow velocity in pipes:
• Recommended flow velocity: Realize 1–3 m/s
• In case of risk of cavitation, select a low flow velocity in the suction line
• Take into account the influence of the conveyed fluid (e.g. abrasion and erosion corrosion)
• Avoid deposition of solid particles due to higher flow velocity
In the individual case to be considered, deviations of the stated values can be sensible, however.
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2.3.2. Pressure losses
Generally, a flow state is described by the Reynold‘s number Re. It puts the inertia and friction forces acting
in the flow into relationship. For circular pipes, it is given by
 =

∙


Equation (2.7)

For non-circular pipes, the hydraulic diameter d has to be determined from the cross-sectional area A and
the wetted perimeter U
=

4


Equation (2.8)

In case of Reynold’s numbers smaller than Re < 2,320, there exists a laminar flow, for Re >2,320 there exists
a turbulent flow. Flows which are characterized by the same Reynold‘s number have a geometric similarity
of flow patterns, even if the velocity, pipe diameter and viscosity of the conveyed fluid can show different
values. As shown in Figure 11, different velocity profiles form depending on the flow state.

Figure 11 Velocity profiles with laminar and turbulent pipe flow

Laminar pipe flow
The velocity profile of a laminar pipe flow is the result of the acting shear stress which was explained in the
context of the viscosity of the conveyed fluid in Section 2.2.1. Within the laminar pipe flow, the stream lines
run parallel. That is why through the friction force alone, it comes to a pressure drop along the flow direction
which depends proportionally on the velocity. Due to missing transverse movement within the flow, the
static pressure at one point in the pipe is constant along the radius. The laminar pipe flow plays rarely a role
in technical applications. The pipe friction factor λ for the later determination of the pressure head losses
with a laminar flow (curve a, Annex 3) is calculated according to
=
30
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Equation (2.9)

Turbulent pipe flow
In case of a Reynold‘s number Re > 2,320, the main flow is superimposed by transverse movements. Significantly higher pressure losses occur. While the wall roughness does not have any effect in a laminar flow, it
must be taken into account when calculating the pipe friction factor in a turbulent flow. Exemplary roughness values of selected pipe materials include:
Technically smooth pipes

k = 0.0014 mm

Seamless steel tubes

k = 0.04 mm

Galvanized steel pipes

k = 0.1 mm

Cast pipes

k = 0.3 mm

The pipe coefficient of friction of a turbulent flow in coarse pipes is approximately calculated using the
Colebrook formula (Curve c, Annex 3)
1

√

= −2 lg 

2.51

 ∙ √

+



3.71 ∙ 

Equation (2.10)

For hydraulically smooth pipes with Reynold’s numbers in the range 2,320 < Re <80,000, the law of Blasius
(Curve b, Annex 3) can be used for approximate calculation.
=

0.3164
 .

Equation (2.11)

The present flow state is a key influencing factor for the pressure head losses of pipe flows. Pressure losses
according to friction in straight pipes are calculated according to
 =  ∙

 
∙
 2

Equation (2.12)

Additionally, losses in valves and fittings must be taken into account:
, =   ∙


2

Equation (2.13)
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For this purpose, drag coefficients ζ of individual parts can be read from tables. The values for selected transition pieces and pipe bends are listed in Annex 4 und Annex 5. For the total pressure head loss in a pipeline,
the following calculation rules are finally applicable
 =  ∙

 

∙
+  ∙
2
 2

Equation (2.14)

The listed formulas and diagrams for the pipe friction as well as loss coefficients in valves apply, without
constraints, for all Newtonian liquids. With more viscous fluids than water, a smaller Reynold‘s number results due to a higher kinematic viscosity from equation (2.7) and consequently a larger pipe friction factor λ.
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3. Design of centrifugal pumps
The different designs of centrifugal pumps (Section 1.2.1) are used in various applications. What pump has to
be selected depends on the specified conveying task and thus on the composition and characteristics of the
conveyed fluid as well as the conveying needs of the system (Chapter 2). The selection and design of a pump
should always take place according to the aspects of a smooth pump operation.

3.1. Characteristic curves and operating point
The conveying characteristics of pumps are shown in characteristic curves. There the conveying volumes are
shown in dependence on the flow rate. A distinction is made between the characteristic curve of the pump
and the characteristic curve of the system. The operating point of the pump is centered at the intersection of
the pump and system characteristic curve. At the same time, this corresponds ideally to the best efficiency
point of the pump. As a pump is designed for the best efficiency point, it is also called design point. With the
assigned design flow rate, the losses in the pump assume a minimum, with the pump achieving its highest
efficiency. With diffuser pumps, the efficiency-optimized design takes place on a desired best efficiency
point by dimensioning the narrowest cross-section between the diffuser blades. With volute housing pumps,
the narrowest cross section in the area of the spiral tongue is designed equivalent to the diffuser pump. If
a pump delivers a volume flow rate which is lower/higher than the volume flow rate in the best efficiency
point, then one talks of an operation in partial load/overload.
3.1.1. Pump characteristic curves
Figure 12 shows the characteristic curves of a pump. In dependency of the flow rate Q, the following characteristic values of pumps are generally portrayed in characteristic curves for constant speeds:
• Head H
• Pump power input P
• Pump efficiency ŋ
• NPSHR
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H
Pump characteristic curve H

Operating point

Best efficiency point

System charateristic curve HA
Q
ŋ
P
NPSHR

ŋ
P
NPSHR
Q
Figure 12 Characteristic curves of a centrifugal pump system

As the different operating states are achieved by throttling the counter-pressure at constant speed, the recording of the head above the flow rate is also referred to as throttling curve. It corresponds to equation (1.2). The
decreasing head with increasing flow rate is characteristic for the throttling curve of a centrifugal pump.
According to ISO9906 (“Centrifugal Pumps – Hydraulic Acceptance Tests”), the pump characteristic curves are
subject to a tolerance. The tolerance range, in which the performance data are stated in dependency of the volume flow rate, depends on the type of measurement procedure, the device-related measurement uncertainty
and a random component. ISO9906 defines various acceptance classes with the following tolerance fields:
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Acceptance class

1U

1E / 1B

2B

2U

3B

τQ

+10 %

±5 %

±8 %

+16 %

±9 %

τH

+6 %

±3 %

±5 %

+10 %

±7 %

τP

+10 %

±4 %

+8 %

+16 %

+9 %

Table 3 Tolerance fields of acceptance classes according to ISO9906

Influence of the conveyed fluid
The operating behavior of centrifugal pumps is heavily dependent on the conveyed fluid. Characteristic curves published by pump manufacturers are only valid for clean cold water (mostly 20 °C) as conveyed fluid.
If a supply of fluids with deviating physical characteristics is provided for in a pump, an adjustment of the
characteristic curves has to be carried out as well. The calculation can take place by means of empiric correction factors. But generally recognized values for these correction factors do not exist.
According to Figure 13, the density of the conveyed fluid influences the required drive power which increases
proportionally with a higher density.
With a higher viscosity of the fluid, the flow rate, head and the efficiency decrease due to the occurrence of
greater losses. It has to be obeyed in addition that a temperature rise during operation results in a decrease
of the viscosity. This change is relevant, above all, in start-up operation if the fluid has a low temperature and
a higher viscosity. The higher power input resulting from that must be taken into account when selecting the
motors. In principle, it is a fact that exact conveying data for conveyed fluid with a viscosity deviating from
cold water can be determined only by relevant trials. Furthermore, centrifugal pumps for the supply of high
viscosity fluids are inferior to other conveying technologies on account of the efficiency deterioration which
can be recognized in Figure 13.
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P
Density increasing

Q

H
P
ŋ

H

Viscosity increasing

P
ŋ

Q
Figure 13 Density and viscosity effects

Influence of the speed
As stated previously, the throttling curves are generally determined for constant speeds. The shift of the
characteristic curves of a pump with a change of the speed can also be calculated by means of “affinity
laws”. This is based on the prerequisite that the velocity triangles of the impellers are geometrically similar
in the different operating states. This is the case when the relationships of the velocities remain the same
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and thus unchanged flow angles exist. Then the following calculation rules apply to the flow rate, head and
coupling power:
 = 
 =  




 



 
 =   


 
, = ,  


Equation (3.1)

Equation (3.2)

Equation (3.3)

Equation (3.4)

Influence of the pump size
Apart from the affinity laws, “laws of similarity“ offer the possibility to calculate the characteristic curves
for pumps of the same specific speed and the same type, but different design size. The conditions in the
velocity triangles of the pumps change proportionally to the scale factor λ. This is defined as the ratio of the
impeller tip diameter
=

The following conversion formulas result




Equation (3.5)

 =  ∙ 

Equation (3.6)

 =  ∙ 

Equation (3.8)

 =  ∙ 

, =  ∙ ,

Equation (3.7)

Equation (3.9)

As the losses do not act proportionately, the affinity and similarity laws cannot be used to the same extent
for the conversion of the efficiency.
Characteristic diagrams
Summarizing the throttling curves of different design sizes of a pump type for various impeller tip diameters,
one obtains the characteristic diagram of a type series (Figure 14).
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H

Q
Figure 14 Characteristic diagram of a type series

3.1.2. System characteristic curve
The system characteristic curve (= pipe characteristic curve) shows what head is required in order to convey
a desired flow rate through the pipe system. As can be seen in Figure 15, it consists of a static share and
a dynamic share. For the selection of a pump, the desired operating range is decisive which is most often
defined by a desired main operating point (point B in Figure 15) along the system characteristic curve. Then
the pump has to be selected in a way that its pump characteristic curve intersects the system characteristic
curve at the operating point. In the best case, the pump has there its highest efficiency level.
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H

Pump characteristic curve H
B

Hdyn
H
System characteristic curve HA
Hstat
Q
Figure 15 System characteristic curve

The static share of the system characteristic curve is independent of the flow rate. According to Figure 16,
this includes the geodetic height difference between suction and pressurized water level and the static pressure difference which shall be achieved between inlet and outlet. In closed system circuits, the static share
becomes zero, because neither a geodetic height difference nor a pressure difference has to be overcome.
The pump supplies energy to the conveyed fluid merely to maintain the flow velocity.
The pressure head losses of the system rank among the dynamic share. They must also be provided by the
pump, which is why they increase the head needs of the system. Not only do they contain the pressure head
losses in the pipes, but also the losses in the connected devices, nozzles or other pipe fittings. The velocity
difference between inlet and outlet also ranks among the dynamic share. In most cases, it can be neglected.
The dynamic share of the system head grows with an increasing flow rate. The system head is finally given by

 =
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∙
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Equation (3.10)
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zII

pI, abs cI
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Figure 16 Schema of a centrifugal pump system

3.2. Special designs
3.2.1. Pumps for the supply of fluids containing solids of all sorts
Centrifugal pumps which are designed for the supply of clean liquids are only partially suitable for use in
those systems in which silted conveyed fluid or solids-loaded conveyed fluid occur. The constructive design
of the common hydraulics and the housing makes it possible for only small solid particles to flow through
the pump. Large solids jam the pump. The ball passage is the crucial dimension when it comes to also supply
solids. It describes the largest possible particle diameter of solids in the conveyed fluid. A large ball passage
as possible can be achieved by special impeller design. A small number of blades, usually 1–3 blades, is
thereby particularly helpful.

Figure 17 Single-blade impeller, channel impeller and free-flow impeller for solids transport
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Another possibility for proportionate supply of solids is the use of torque-flow pumps. By means of a setback
impeller, an almost free flow path between suction and pressure nozzle is realized for the conveyed fluid. In
general, these pump type have a low efficiency. For particular fluids with shares of large-volume solids, they
represent the best option due to the very large ball passage.

Figure 18 Principle of a torque-flow pump

3.2.2. Pumps for the supply of gaseous fluids
The co-supply of a second phase in the conveyed fluid significantly changes the flow characteristics of a
centrifugal pump. The gas phase can take different forms within the flow and accumulate locally toward
larger gas volumes. A bubble flow according to Figure 19 represents the most favorable fluidic formation in
the gas phase.

Bubble flow

Wave flow

Ring flow

Plug flow

Layer flow
Figure 19 Flow types of multi-phase mixtures in a pipe
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In closed impellers, the bubbles mostly join together along the impeller blades in the vicinity of the cover
disc due to centrifugal forces and pressure gradients to form larger layers and plugs. They block the flow
cross-section in the impeller, with the flow characteristics of the pump becoming unstable.
Conventional, closed impellers are merely in a position to also convey a gas proportion of up to 6 %. In
contrast, with open impellers, the supply up to a gas proportion of up to 30 % can be maintained due to its
dispersing effect. As the carrier and cover discs are missing with open impellers, strong shear forces occur due
to the relative movement between the rotating impeller blades and the fluid above and underneath the blades. As a result, larger gas accumulations are atomized and the constriction of the flow channel prevented.
Figure 20 shows a fundamental characteristic diagram of a multi-phase pump with open impeller in dependency of the gas proportion. In this case, the pump is run into point 1 and set to a flow rate with mere liquid
supply which is 10–20 % higher than the targeted multi-phase flow rate (point 2). As soon as gas is admixed
to the suction-side flow rate, the flow rate decreases, with the new operating point 3 setting in.

H
1

Characteristic curve without gas proportion

2

3
Gas proportion
increasing
Q
Figure 20 Fundamental characteristic diagram of a multi-phase pump

Multi-phase pumps are suitable for a multitude of processes. Apart from the gas-loaded liquid conveyance,
application areas are also in the area of targeted enrichment of liquids with gases, for which in conventional
systems, apart from the pump, further device components are necessary. In case of multi-phase pumps
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with open impellers, air saturation can take place without using compressed air, pressure tanks and complex
control technology, because direct addition of gas into the suction line is possible. That way it is possible
to save additional compressors, pressure tanks, control units and valves. Typical fields of application of
multi-phase pumps are the treatment of oil-water emulsions, post-treatment in biological sewage plants,
heavy metal precipitation, denitrification of wastewater as well as wastewater treatment and ionization of
drinking, process, seepage and waste water.
Sample application of a multi-phase pump: Dissolved air flotation
A large market segment in the area of gas enrichment is the waste water treatment by dissolved air flotation. Dissolved air flotation is a recognized procedure for water and wastewater treatment as well as
resource recovery. The principle of such a system is presented in Figure 21. It serves to separate liquids and
the substances floating therein or emulsified substances. For this purpose, water which is saturated with
air under high pressure by means of a multi-phase pump is relieved to normal pressure and channeled into
the wastewater tank. The micro bubbles that become free during the pressure release accumulate on the
suspended solids and carry them to the tank surface. From here they are skimmed off. The particle flow is
also opposite to the more known sedimentation where solids deposit on the ground. The cleaning result is
essentially determined by the size of the micro bubbles and the gas volume. In order to capture as many
floatation items as possible, fine and equally distributed micro bubbles must be generated. Depending on
the condition of the wastewater and the saturation pressure, dispersions with bubble sizes between 30 and
50 μm have proved themselves. Smaller bubbles reduce the ascending rate too much. Too large bubbles
disturb the flotation formation.

Compressor
Air

Inlet wastewater

Flotate
Conventional pump

Air

Solids

Outlet

Dissolve Line

Multi-phase pump

Figure 21 Principle of a system for dissolved air flotation
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The maximum solubility of air in water essentially depends on saturation pressure, water temperature and
water quality. In the interplay with other system components, the dissolution rate of entrained air is up to
100 %. The flow characteristics of the pump are stable, also with changing flow rates and air contents, so
that an exact pump control and adjustment to the process is possible. Depending on the relevant application,
various gases with specific characteristics are used. The solubility of the gases in the relevant liquid is of
outstanding importance for the correct pump design. So the solubility and thus also the amount of the gas
entry of air or oxygen are for example far below the values of carbon dioxide.
3.2.3. Self-priming pumps
Centrifugal pumps can be executed in normal or self-priming design. If the suction water level according to
Figure 16 is below the centrifugal pump, a normal priming pump is unsuitable, because it is not in a position
to evacuate air contents out of the suction line. For this reason, its suction line must always be completely
filled. Should air from the suction line penetrate the pump due to leakages of a gate valve or a foot valve
which does not close, the pump and suction line must be refilled.
By contrast, self-priming pumps are in a position to ventilate the suction line independently. Only during
commissioning, the pump must be filled one-time with a small amount of water. The general principle of a
self-priming pump is based on the fact that this liquid volume is conveyed repeatedly through the impeller,
constantly transporting a portion of air out of the suction line during the process. Air that is also conveyed
can escape from the pressure chamber via the pressure line, while the liquid flows back to the suction side
of the pump. The suction line of a self-priming pump must be installed with a rise according to Figure 22 so
that a bit liquid remains in the pump when switched off.

Figure 22 Self-priming centrifugal pump with water level in standstill
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The maximum possible suction height is theoretically 10.33 m at a water temperature of 4 °C and 0 m above
sea level. Consequently, it depends on the air pressure (normal = 1.013 bar). The technically possible suction
height is maximum 7–8 m, however, because – apart from the height difference of the lower lying water surface toward the suction nozzle of the pump – resistance losses in pipes, pump and valves must be overcome.
A detailed explanation of the suction capability of pumps takes place in Section 5.1.4.

Design of centrifugal pumps

45

4. Operating behavior of centrifugal pumps
In Chapter 3, it was explained according to what aspects a suitable pump has to be selected for an efficient
and smooth operation. Moreover, it is necessary during system operation to be able to adjust the operating
point of the pump to the varying conveying task. A closer look is now taken at this subject matter.

4.1. Control and adjustment of the pump performance
In many pump systems, the required operating point can change for a variety of reasons. With a certain head,
for example, it may be necessary to vary the flow rate. This can be explained in more detail by means of
Figure 23. A system is considered which – for reasons of simplicity – consists of two equally large consumers
that are arranged in parallel. If both have to be provided with conveyed fluid according to the system design,
the operating point B1 sets in. At this point, the head H1 of the pump matches the system head HA1. If only
one of the two consumers is in operation, the operating point on the pump characteristic curve shifts to
B2'‚which is the intersection of the system characteristic curve 2 with the throttling curve of the pump. But
now the consumer obtains a flow rate too large. Now it is the task of the control to lower the head H2' of
the pump to the amount of the system head HA2. That results in the desired operating point B2, which – by
neglecting changed pipe friction losses in the joint supply line – ensures the same flow for the consumer as
before in point B1.
The control of pump systems can be achieved using different approaches. In the following, the most common methods are introduced.
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System characteristic curve HA1
Q
Figure 23 Pump control
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Die Regelung von Pumpenanlagen kann mit unterschiedlichen Vorgehensweisen erreicht werden. Nachfolgend werden die gängigsten Methoden vorgestellt.
4.1.1. Throttle control
With the throttle control, which is portrayed in Figure 24, the desired flow rate is set via a throttling device in
the pressure line of the system. As a result, the dynamic share of the system characteristic curve is changed
so that it runs steeper. From this time on, the pump is operated in operating point 2'. Now it can be seen that
the head H2 is above the required head H2. The difference is destroyed by dissipation in the throttling device.
Consequently, the throttle control is based on the regulation of the loss of head. Due to the higher power
input of the pump in operating point B2, higher operating costs occur, because the pump operates far away
of its best efficiency point with low efficiency levels. Using a throttle control is advantageous only in case
of systems with a high static share by using radial pumps with low specific speeds and a flat characteristic
curve. There the head component, which has to be destroyed by the throttling, is comparatively low. The
advantages of the throttle control are, above all, the simplicity and low acquisition costs.
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Figure 24 Throttle control

While the throttle control was practiced the most in the past, it is today not up-to-date on account
of the high throttling losses. Better suitable is the speed control where the pump can be operated more
energy-efficiently.

Operating behavior of centrifugal pumps

47

4.1.2. Speed control
In contrast to the throttling control, where the system characteristic curve is changed, the pump characteristic curve with the speed control is adjusted to the desired operating point. To do so, the drive speed is varied.
The pump characteristic curve then changes according to the affinity laws described in Section 3.1.1. If the
system characteristic curve shows high dynamic shares, the pump can be operated in a wide operating range
with an almost unchanged efficiency level. In this case, the speed control is optimal from the energy point
of view. With a predominantly static system characteristic curve, the pump quickly gets into partial load or
overload, because the power input of the pump also contains shares which change according to other general
principles. The consequences are efficiency losses and risk of cavitation.

H
n1
n2
B1
B2

H1

H2

System characteristic curve HA

Q
Figure 25 Speed control

The speed control can be explained by means of Figure 25: At first, the pump operated in point B1 , the intersection of the system characteristic curve and the pump characteristic curve for the speed n1. If the speed
is decreased from n1 to n2 , the operating point shifts on the system characteristic curve from B1 to B2 . The
efficiency level of the controlled pump in operating point B2 turns out to be lower than in operating point B1 .
As an adjustment of the pump characteristic curve takes place, no superfluous head must be destroyed as is
the case with the throttle control.
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To implement the speed control, it must be possible for the pump drive to be operated with a variable speed.
As an ideal solution the equipment with a frequency converter has to be selected here. In Chapter 7 various
drive technologies are covered in more detail.
4.1.3. Corrections on the impeller and diffuser element
Sharpening of impeller blades
In practice it is sometimes required to change the head of a centrifugal pump, which is already present in
certain dimensions, by maintaining its speed. An increase in head is then generally possible only if the outlet angle of the impeller blades is increased. This takes place by one-sided sharpening of the trailing edge
according to Figure 26. While doing so, it must be observed that this irreversible measure also entails an
increase of the power input. For the best efficiency point, head gain of approximately 4–6 % can be achieved
by that sharpening.

Figure 26 Sharpening of impeller blades

Impeller trimming
A permanent reduction of the head can be achieved by trimming the impeller tip diameter according to
Figure 27. This measure is also deployed in order to achieve a fixed grading of the characteristic diagram
without requiring a multitude of different casting patterns for the impeller manufacturing. Usually, the characteristic curves of different trimmed impeller diameters can be found in product details.
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D2

D2‘

Figure 27 Closed impeller trimming

By means of a simple procedure, the change of the head H and the flow rate Q by trimming the impeller can
be calculated in advance. For this we assume that both factors drop in a square function with the impeller tip
diameter D2. However, this applies only if there is no change in impeller outlet width, blade thickness, blade
angle and blade stress. As a rule of the thumb, the following applies:


′ ′
 ′
= = 




Equation (4.1)

To what extent a change of the impeller tip diameter has an impact on the conveying volumes is taken into
account by the exponent m. At best, it has to be empirically determined, but for a first estimate, m = 2 may
be used. Then the drop in head is often underestimated though.
If – as shown in Figure 28 – one draws a straight line in the HQ diagram from the point of origin to the
desired operating point B', it intersects the throttling curve in point B of the pump which is assumed to be
single-stage here. By means of the values for head and flow rate in the points B und B', the required trimmed
impeller diameter can be determined using the equation (4.1).
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Figure 28 Shift of characteristic curve when trimming the impeller

The procedure described above provides only approximately correct values, because the geometric similarity
between the untrimmed and trimmed impeller is not always given. The inaccuracy is all the more greater the
more D2' deviates from D2 . It is therefore advisable to only use the rule of thumb if the diameter ratio does
not fall short of D2'/D2 = 0.8. Caution should be particularly exercised in case of impellers with smaller diameters, because a relatively small reduction of the impeller tip diameter causes a significant decline of the
conveying capacity. That is why in practice a step-by-step trimming of the impeller should be carried out in
order to avoid an irreversible falling short of the head.
Special attention has to be also placed on the change of pump efficiency level after trimming the impeller.
Due to the extension of the difference between impeller and diffuser element, an efficiency loss has to be
factored in principle. With radial impellers of a low specific speed (large diameter, little blade height), a moderate diameter reduction results in little decrease of the efficiency, because the friction path in the impeller
is shortened and the lateral disc friction is reduced. In contrast to that, in case of radial impellers with higher
specific speeds (small diameter, large blade height), there exists a significant efficiency level decrease after
trimming in consequence of a deteriorated flow control. This problem can be diminished if in case of pumps
with diffuser blades or with a smooth diffuser ring according to Figure 27, only the blades but not the hub
and cover disc are turned off. With volute housing pumps it is more advantageous to turn off the impeller
walls too.
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Another problem with radial impellers of higher specific speed is the unequal blade length on the hub and
cover disc. In order to avoid an excessive loss of conveying capacity, the impeller has to be executed with a
smaller external diameter on the hub than on the cover disc. In the meridian plane, this results in an inclined
trailing edge (Figure 29) so that a semi-axial impeller subsequently exists.

D2

D2‘

Figure 29 Trimming an impeller with semi-axial trailing edge

Corrections on the impeller inlet
Corrections on the impeller inlet are carried out with semi-axial and axial impellers in order to achieve and
optimized NPSH progression or to shift the efficiency optimum to greater volume flow rates. Measures for
this include shortening or profiling the blade leading edge.
Corrections on diffuser elements
The throttling curve of a pump is primarily dependent upon the impeller outlet geometry. Changes to the
diffuser element, however, only take a small influence on the losses and thus the best efficiency of the
flow rate. Generally, such corrections are carried out rarely and merely with radial pumps to shift the best
efficiency point towards larger flow rates. To do so, the diffuser inlet cross-section is enlarged. In partial load
operation, however, this can lead to a drop of the head and an increased power input.
4.1.4. Further control concepts
Bypass control
A bypass control is used, above all, with axial pumps and has little significance for the use of radial pumps.
Via a branch line on the pressure nozzle, part of the flow rate is conveyed back to the suction line of the
pump and thus the available flow rate reduced. While doing so, it has to be ensured that the partial flow is
always set in such a way that the pump can be run in an optimal range. Moreover, heating of the fluid at the
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suction nozzle should be kept within a limit. This can be implemented, for example, by balancing the partial
flow into the suction tank instead of a direct return into the suction line. In the process, the operating point
shifts to the end of the characteristic curve, which is why this method easily leads to a motor overload when
used with radial pumps. Independently from the type of pump, the shift of the operating point to greater
flow rates means a more unfavorable suction height. If critical suction conditions exist, it has to be counted
with cavitation.
Pre-rotational swirl control
The pre-rotational swirl control, too, is mainly used with semi-axial and axial pump types, because the
feasible control range rises with an increase of the specific speed. By twistable components in front of the
impeller, a pre-rotational swirl can be generated, by means of which a variation of the head is achieved. With
co-rotating setting, the head is reduced, with counter-rotating it is increased.
Level control
With a level control, the adjustment of the flow rate takes place in dependency of the height difference to be
overcome. An increased level in the supply tank of the system leads to a lower height difference compared
with the pressure side collecting tank. Subsequently, a higher flow rate sets in independently which reduces
the height difference again to a normal level. If, in turn, an increased liquid level exists in the collecting tank,
the height difference is greater than the normal level. Then a lower flow rate sets in above the pump. With
this type of regulation, losses result only due to the fact that the pump does not operate within the range
of optimal efficiency. That is why the realistic fluctuations of the height difference should lie within a range
that can be well operated by the pump.
Impeller and diffuser blade adjustment
The impeller blade adjustment is a possibility with axial pumps to set the desired flow rate at almost constant head. In the process, twistable impeller blades generate respectively other characteristic curves. The
diffuser blade adjustment is a very elaborate process which is very rarely used with radial pumps that are
operated as pump turbines or storage pumps. The range of the best efficiency point is then increased by
setting the delay ratio and shock losses in the diffuser.

4.2. System hydraulics
In a system with fluctuating operating behavior, a pump cannot be efficiently operated in every operating
point due to its efficiency characteristic. In case of high fluctuations of head and flow rate, the need cannot
be met by an individual pump, if necessary. This issue can be solved by means of series and parallel connection of several pump units.
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4.2.1. Parallel connection
The parallel use of several identical or different pumps (Figure 30) is implemented if fluctuations regarding
the desired flow rate exist or the latter cannot be achieved using a single pump. The pumps can respectively
turned on or off. While doing so, the same pressure difference or head is overcome by all pumps. The result is
the summed characteristic curve resulting from adding the flow rates for the corresponding heads. In Figure
30, the new operating point is illustrated as intersection of the summed characteristic curve of two structurally identical pumps and the system characteristic curve. Figure 31 shows the parallel operation of different
pumps. It can be seen in the figures that a complete allowance of the original flow rates of the individual
pumps cannot be realized in the operating point. The reasons for this include stronger pressure head losses
in the dynamic share of the system characteristic curve. Therefore, systems with a flat characteristic curve
and a high static share are suitable for parallel operation of pumps. In the process, the pumps should have
a steep characteristic curve in order to ensure stable parallel operation. With flat pump characteristic curves,
there is the danger that one of the pumps supplies the entire flow rate and “suppresses” the other pump.

Q1
Q

Q2

P1

P2

Figure 30 Parallel connection
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Figure 31 Parallel connection of identical and different pumps
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4.2.2. Series connection
If, in the systems, there is a fluctuating demand for head, pumps can be connected in series (Figure 32). The
summed characteristic curve of the pump system results from adding the heads for relevant flow rates. This
principle of series connection also applies to multi-stage pumps, where each stage makes a contribution to
the total head. If connecting two identical pumps in series, this results in the throttling curve illustrated in
Figure 33. As can be seen, the achievable head is twice as large as the corresponding head of the individual
pumps. If two pumps of different design size are connected in series, the summed characteristic curve is
determined according to Figure 33.

P2

H2

Q1=Q2
P1

Htot
H1

Figure 32 Series connection

The surface colored in Figure 33, shows the range, in which only pump 2 can convey, because the maximum
permeable flow rate in pump 1 was exceeded. In systems, in which a high and constant pressure is required,
a combination of a pump with a fixed speed and a downstream speed controlled pump is often used. In this
constellation, the pump with fixed speed supplies the fluid to the speed controlled pump which is regulated
by a pressure transducer. With a series connection of pumps, it is absolutely necessary to ensure that the
allowable operating pressure of the pumps is not exceeded. This is particularly applicable for the rear pumps
of a series connection, because these are exposed to a higher pressure.
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Figure 33 Series connection of identical and different pumps
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5. Cavitation and suction behavior
5.1. Formation of cavitation
If the vapor pressure of the conveyed fluid falls short in a centrifugal pump, this results in local evaporation
of the liquid. This process of the formation of vapor bubbles is known as “cavitation” and represents the phenomenon which can be often observed in centrifugal pump systems. Vapor bubbles mainly occur there where
the static pressure heavily drops due to flow losses and an acceleration of the conveyed fluid. In centrifugal
pumps, this particularly applies to the inlet area in the suction housing and the diffuser channel between
the diffuser blades. With it, the extent of cavitation is influenced by different characteristics of the conveyed
fluid. These include, for example, the number of small particles which act as cavitation nuclei, dissolved and
free gas proportions as well as other thermodynamic parameters. Other important factors are the length of
the low pressure area and the position of the operating point in the vicinity of the optimal efficiency level,
in partial load and overload.

5.2. Effects of cavitation
Cavitation, or the vapor bubbles that occurred, significantly influence the flow behavior in centrifugal pumps,
because they narrow down the free flow cross-sections. As a result, the energy transfer of the blades to
the fluid cannot fully take place any more so that the head and efficiency level drop. The vapor bubbles are
transported with the flow and implode in areas of higher pressure that are located downstream, whereby
pressure peaks of up to 100.000 bar can occur. As shown in Figure 34, the vapor bubbles are first pulled
lengthwise and then severed by a so-called micro jet which bumps on the surfaces in the vicinity of the wall
and heavily attacks the material mechanically.

Figure 34 Implosion of vapor bubbles with micro jet

The consequences are material damages in the form of so-called “cavitation erosion“. These damages never
appear at the point where cavitation forms, but in a more or less great distance, where the vapor bubbles are

58

Cavitation and suction behavior

destroyed. Existing protection layers on the material are destroyed. As a result, the metal surface is constantly attacked chemically. In this way, significant material degradation can occur even in case of a poorly
developed cavitation. Figure 35 shows that the material is thereby scarred, indented and sometimes even
hollowed out sponge-like.

Figure 35 Cavitation damages on a diffuser

Furthermore, those areas filled with vapor bubbles are not of equal size and shape so that imbalances occur
in the impeller. These are both of mechanical nature due to unequal liquid filling in the blade channels and
also of dynamic nature on account of different pressure distributions over the circumference of the impeller.
Shaft and bearings are exposed to heavily pulsating loads. With closed impellers, the axial thrust compensation can become partly of even completely ineffective and the higher axial load in interaction with the forces
mentioned above can destroy the bearings within a short period.

5.3. Avoidance of cavitation/NPSH
For a smooth operation of the pump system without cavitation, the inlet conditions towards the pump are
decisive. The so-called available net positive suction head (=NPSHA) of a system describes the difference
between the total pressure in the suction nozzle of the pump and the evaporation pressure of the conveyed
fluid, measured as the pressure head difference in meters.
 =

, + , −   ²
+
+  − ,

2

Equation (5.1)
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The smallest NPSH value, at which a pump can be operated permanently and without occurring cavitation
under given operating conditions (speed, flow rate, head, conveyed fluid), is called the required net positive
suction head = NPSHR. The NPSHR value can be understood as a required pressure reserve on the suction
nozzle, which ensures that the evaporation pressure does not fall short during inflow and flowing through
the pump in spite of the occurring pressure losses. As the pressure losses depend on the flow rate, the NPSHR
value is also not a constant value, but rises with increasing flow rate. This behavior is captured in NPSHR
characteristic curves like Figure 36.

H
NPSH

Pump characteristic curve H

NPSH

Q
Figure 36 NPSHR characteristic curve of a centrifugal pump

The pressure losses in the pump – and thus also the NPSHR value – are determined by the geometric design
of the hydraulic components (pump inlet, impeller, diffuser element).
For the determination of the NPSHR value of a pump, the existing system-related NPSH value (available net
positive suction head = NPSHA), that is the inlet pressure, is decreased at constant flow rate and constant
speed. In the process, it is crucial what extent of cavitation shall be tolerated. As limit values are possible, for
example, the visibility of vapor bubbles (NPSHi), a defined extent of material degradation or a quantifiable
percentage x of head drop (NPSHx). In practice, a head drop of 3 % (NPSH3) is usually selected, because it
can be well captured and is technically justifiable. Figure 37 illustrates the different cavitation extents which
are used to determine the NPSHR value at constant speed and flow rate.
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Figure 37 Determination of the NPSHR value for different cavitation criteria

The NPSHR value of a pump is always associated with the conveyed fluid. Various conveyed fluid have differently high evaporation pressures so that, accordingly, another pressure head drop leads to the formation of
vapor bubble fields and a head drop. That is why different NPSHR values result for one and the same pump
depending on the conveyed fluid. With conveyed fluid, of which the thermo-dynamic condition (pressure,
temperature) is closer to the critical point, a smaller gas volume occurs when falling short of the vapor pressure, because the density of the liquid phase is closer to the density of the gas phase. In consequence, the
intensity of cavitation and the consequences resulting from it are getting smaller:
• lower obstruction of the cross-section
• lower drop of the head
• weaker cavitation damage due to the micro jets
The required NPSHR value diminished with rising temperature of the conveyed fluid. Liquid hydrocarbons
at ambient temperature lie clearly closer at their critical point than cold water and thus require low NPSHR
values. In Annex 6, the reduction of the NPSHR value is shown for selected conveyed fluid in dependency of
the temperature.
In order to finally ensure an operation of a pump that is free of cavitation, an NPSHA as illustrated in
Figure 38, has to be provided that is larger than the required NPSHR value of the pump.
 ≥ 

Equation (5.2)

If this criterion is not complied with, the vapor pressure in the pump falls short and it comes to a bubble
formation (colored area in Figure 38). Then the throttling curve drops along the relevant “tear-off branch”.
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In the present example, the operating point B can only be achieved with the larger one of the two NPSHA
values. So that air pressure fluctuations, deviations from theoretically determined values, as well as measuring and structural tolerances are not left unnoticed, it is recommended to take into consideration a safety
margin of 0.5 m when selecting a centrifugal pump.
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Figure 38 Tear-off branches of the pump characteristic curve at NPSHA < NPSHR

5.4. Suction capability of a pump
The suction capability of a pump states from what height the pump can suck conveyed fluid without cavitation occurring during the process. Including the equation (5.2), the equation (5.1) can be transformed according to the geodetic height zI so that the suction capability of the pump becomes obvious. When installing
a pump above the suction water level according to Figure 16, the height difference zI must – with the shaft
being in horizontal position and the suction tank being open – therefore be greater than
 ≥  + , −

, + , −  
−

2

Equation (5.3)

If the suction tank is closed, negative pressures and gauge pressures have to be taken into consideration by
the relevant sign of pI,e. It becomes clear that the height of the atmospheric air pressure has a significant
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effect on the suction capability. Apart from weather-related fluctuations of 5 % around the mean value
customary in a place, the air pressure diminishes with increasing elevation (Table 4).
Height above sea level
m

Air pressure
mbar

Boiling temperature
°C

0

1013

100

200

989

99

500

955

98

1000

899

97

2000

795

93

4000

616

87

6000

472

81

Table 4 Air pressure at different elevations

With hot water conveyance, the vapor pressure head plays a significant role for the suction capability of the
pump. If the liquid is in boiling state, the absolute pressure of the liquid is equal to the vapor pressure, and
the equation (5.1) is simplified to
 =

 ²
+  − ,
2

Equation (5.4)

It becomes clear that zI with mostly negligible velocities in the suction tank cI must take positive values to
provide a sufficient NPSHA. So a positive suction head is required.
Also with temperatures which are still below the boiling point, the suction capability is diminished so that
a suction head can already be required. Figure 39 illustrates this correlation: Let us assume that, at a water
temperature of 20 °C, a pump can overcome a geodetic suction height of zI = -6 m. With rising water temperature, that is increasing vapor pressure, the potential suction height diminishes and passes to a suction
head. For temperatures beyond the boiling point, a consistent suction head of zI = 4 m is required.
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Figure 39 Example of NPSH for hot water conveyance
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6. Shaft seal
Between housing parts being at rest and the rotating shaft of a centrifugal pump, there exist constructive
gaps. In order to prevent the conveyed fluid from escaping through this gap from areas of high pressure
within the pump to areas of low pressure into the atmosphere, different sealing concepts are used. The key
criteria for the selecting and design of a suitable sealing concept include
• the chemical and physical properties of the conveyed fluid,
• the pressure difference at the seal,
• the speed of the shaft to be sealed,
• the available mounting space.
To seal drive shafts of centrifugal pumps, radial seals in the form of gland packings having a long radial
sealing gap were predominantly used in the past. As with short and narrow gaps between two front faces a
better sealing can be achieved, today mostly axial seals (= mechanical seals) are used.
With simple mechanical seals, little leakage cannot be avoided. On the contrary, complex mechanical seal
systems are also suitable to ensure a safe sealing of environmentally hazardous and explosive substances. If
there are particularly strict requirements, it can be drawn upon magnetically coupled pumps.
In this Chapter, the fundamental construction and principal functionality of common shaft sealing concepts are described. Moreover, technical requirements for the sealing system which result in the application
area of centrifugal pumps are listed and the different designs and special solutions resulting from that are
explained.

6.1. Gland packings and radial shaft seals
Gland packings have a long radial sealing gap which is generated by the fact that several soft packing rings,
which form the so-called packing, are axially tensioned by tightening the gland in the packing space (Figure
40). The sealing effect arises, because the packing rings expand in radial direction under the axial force and
adjust to the packing space. In order to avoid wear and tear on the packing and the shaft, and to remove
the frictional heat, the conveyed fluid itself is used as lubricant and coolant. A certain amount of leakage is
therefore always necessary.
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Conveyed fluid

Gland packing

Gland

Housing
Figure 40 Gland packing

Gland packings are cost-effective and relatively easy to install, but due to the high leakage rates in comparison with other sealing concepts and the unreliable adjustment of the gland, they are used increasingly rare.
Especially with pressurized shaft seals, more reliable mechanical seals are almost exclusively used. With low
pressures and temperatures, also radial shaft seals can be used alternatively. With them, a radial sealing gap
arises from the fact that a sealing lip consisting of plastic is pressed by a tension spring onto the running
surface of the shaft. Radial shaft seals also require a liquid for lubrication and cooling.
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Figure 41 Radial shaft seal

6.2. Mechanical seals
6.2.1. Design and function
The basic design of a single mechanical seal is illustrated in Figure 42. The primary sealing gap of a mechanical seal occurs between the plane-lapped sliding surfaces of a rotating slide ring and stationary mating ring.
The rotating slide ring is movable in axial direction and is pressed to the mating ring by the force of spring as
well as the pressure force of the surrounding conveyed fluid. Due to the high pressure in the pump, a small
amount of conveyed fluid gets between the sliding surfaces of the seal ring and mating ring and forms a
lubrication film there. To seal the mechanical seal on the part of the shaft or the housing, secondary seals
such as O-Rings are necessary. Anti-rotation devices or tappets can be deployed to ensure that the mating
ring is not rotated and the slide ring rotates with the shaft.
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Figure 42 Structure of mechanical seal

Self-adjusting sealing gap
A hydraulic force, which results from the product of the pressure difference and the hydraulically loaded area
AH, affects the mechanical seal from outside. Together with the spring force, this hydraulic force forms the
resulting “closing force” pressing the slide ring into the direction of the mating ring. That way, the sealing
surfaces are more heavily loaded, with the gap height diminishing. While the slide ring fits closely to the
mating ring at standstill, a “load capacity” counteracts the closing force during rotation. It consists of a
hydrostatic and hydrodynamic component.

68

Shaft seal

Hydraulic closing force

Spring force

Load capacity

Lubricating film
Figure 43 Forces in the sealing gap

During rotation of the slide ring, individual pressure fields occur to minimal uneven surfaces of the sliding
surfaces, which in dependency of the viscosity of the conveyed fluid, speed and gap height generate a hydrodynamic load capacity. The latter slightly lifts the slide ring from the mating ring, with conveyed fluid getting
into the sealing gap. The conveyed fluid being under pressure in the sealing gap exerts an additional hydraulic
force effect on the sliding surface A. In this context, the crucial average pressure in the sealing gap depends
on the prevailing pressure difference, the radial course of the gap height and possible phase changes. As the
closing force keeps constant during declining gap height, but the load capacity increases, however, a gap
height adjusts independently where a balance of forces is present. Due to this self-adjustment of the sealing
gap, thermal expansion and wear and tear of the sliding surface are automatically compensated.
Mechanical seals have very low leakage rates, because a sealing gap can be realized of approximately 1 μm.
Such sealing gaps react very sensitively and require correct dimensioning of the closing forces. Due to too
high closing forces, for example with too strong a spring force, it can come to a so-called mixed friction,
where the highest places of the sliding surfaces of the slide ring and mating ring touch each other. The consequence is too high a wear and tear and a short lifetime. In the worst case, it comes to dry friction without
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lubrication which leads to the destruction of the sliding surfaces in a timely manner. In contrast to that, a
larger gap height occurs because of too low closing forces, the first of which leads inevitably to a significantly
higher leakage.
The closing forces of mechanical seals cannot unrestrictedly be decreased by selecting a lower spring force.
At standstill, the spring force must always overcome the adhesive friction of the secondary seal and press
the slide ring on the shaft in axial direction of the mating ring. Moreover, the spring makes sure that the slide
ring always fits closely to the mating ring in case of axial vibrations, a mating ring mounted at an angle or
running inaccuracies of the slide ring. In order to decrease the closing force independently of the spring force,
mechanical seals can be “balanced”.
Balanced mechanical seals
The key factor for the balance of mechanical seals is the area ratio k, which is defined as the relation of the
hydraulically loaded surface AH towards the sliding surface A.
=




Equation (6.1)

A non-balanced mechanical seal (Figure 42) has an area ratio of k > 1. With relieved mechanical seals, the
hydraulic closing forces are reduced by a relief leap resulting in the fact that the hydraulically stressed surface
is smaller than the sliding surface and k < 1 applies. This can be realized by an adjusted shaft contour or a
shaft sleeve (Figure 44).
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Figure 44 Balanced mechanical seal

The load of the sealing surfaces increases with a rising area ratio of a mechanical seal. As a consequence, the
sealing gap becomes narrower, which leads to less leakage but to higher wear and tear. Balanced mechanical
seals have therefore less sealing gap load so that they are suitable for higher pressures in the conveyed fluid,
but also cause higher leakage. Moreover, with very low area ratios, there is the risk of sliding surfaces being
lifted when the closing force cannot offset the load capacities any more. Mechanical seals are therefore only
moderately balanced and executed with an area ratio in the range of k = 0.65–0.85. Balanced mechanical
seals are to be used in particular for high pressures beyond 1MPa, but they are already suitable at low pressures to reduce frictional heat, power loss and wear and tear in comparison with non-relieved mechanical seals.
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Leakage and power losses
For the functionality of mechanical seals it is absolutely necessary that liquid gets between the sliding
surfaces and a lubrication film can form. In the process, it comes inevitable to a leakage, because the liquid
is pressed from high-pressure areas inside the pump towards low-pressure areas in the atmosphere. The
leakage depends on
• Surface condition of the sliding surfaces,
• Care taken during the mechanical seal installation (potential tilting or pollution),
• Vibrations and stability of the machine,
• Operating behavior (frequent changes of the speed or constant operation),
• Properties of the conveyed fluid.
The theoretical leakage which occurs due to the pressure difference to be sealed on the mechanical seal,
depends on the geometry of the mechanical seal and the viscosity of the conveyed fluid according to the
following equation
 =

 ∙  ∙ ℎ ∙ 
6∙∙

Equation (6.2)

Here the influence of the gap height becomes clear which enters into the leakage to the third power. This
means that doubling the gap height increase the leakage eightfold.
Due to the radial pressure curve in the sealing gap, it can come to partial evaporation of the lubrication film
as soon as the vapor pressure falls short. This is however harmless as long as the overwhelming part of the
sliding surface is wetted by liquid and merely a small evaporation zone forms at the atmospheric side. In that
case, the leakage with volatile fluids leaks out in gaseous form which often represents a desirable condition,
because no liquid has to be captured that way. Between the load capacities of the mechanical seal and the
partial evaporation of the liquid there exist interactions which have to be take into consideration already
during the design of the mechanical seal in order to avoid complete evaporation of the lubrication film during
operation. This would result in the so-called “dry run“ of the mechanical seal, where the sliding surfaces of
the slide ring and mating ring would directly rub against each other and without any lubrication. The state
during which the highest elevations of the sliding surfaces already touch each other during operation and
a stable lubrication film is present at the same time, is called “mixed friction“. In the process, the leakage
is very low due to the small gap height, but the friction by the material contact of the sliding surfaces is
increased.
The friction in the sealing gap of a mechanical seal is determined by the fluid friction of the lubrication film
and the partial sliding surface contact in case of mixed friction. It is decisive for the wear and tear of the
sliding surfaces and thus also for the lifetime of the mechanical seal. Moreover, on the mechanical seals there
occur power losses in the form of heat that are dependent on the friction in the sealing gap. Further power
losses occur due to the centrifugal pump process of the leakage flow that, at low speeds, plays a tangential
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role, however. The power losses on common mechanical seals with speeds between 1,500 and 3,500 1/min
lie in the range of some hundred watts, depending on the pressure difference to be sealed.
This section illustrates that with mechanical seals, a compromise between little leakage as possible on the
one hand, and a low friction with a long lifetime and little power losses is present on the other side.
6.2.2. Design und types – technical requirements and solutions
Technical requirements on the shaft seal can be derived from the conveying task of a pump. Particularly
the chemical and physical properties of the conveyed fluid as well as the height of the pressure difference
required to be sealed are key to the selection of a suitable mechanical seal concept. In the following, a closer
look is taken of selected designs and versions of mechanical seals. These result directly from the technical
requirements.
Secondary seals and types of mechanical seals
It becomes obvious from Figure 42 that the secondary seals caulk the slide ring against the shaft (dynamic
sealing element) and the mating ring against the housing (static sealing element). Apart from the sealing,
the dynamic sealing element also fulfils the task of keeping the slide ring in position. With the purpose to
work correctly also at temperature changes, vibrations and wear and tear, the dynamic sealing element is
arranged on the shaft axially movable. The secondary seals are predominantly manufactured from elastomer
plastic (cf. 9.4.2).
The most simple and common design variant of a mechanical seal is the so-called “pusher seal“ design,
where the dynamic sealing element is executed as a round slide ring (= O-ring) or profile ring (Figure 42).
Inexpensive bellow mechanical seals with an externally arranged spring are also frequently used, where an
elastomer or metal bellow act as a dynamic sealing element. The dynamic sealing element of the bellow
mechanical seal is arranged friction free towards the rotating shaft. This type is thus particularly suitable
if the axial movability of a simple dynamic sealing element would be limited due to potential deposits or
pollutions. With a metal bellow mechanical seal, the metal bellow also takes over the spring function. This
design is used when the operating conditions with too high or low temperatures are not suitable for the use
of elastomer materials, for instance.
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Figure 45 Bellow mechanical seal

The installation of mechanical seals has to be carried out with utmost care. Pollutions of or damages to the
sliding surfaces or secondary seals can influence the functionality equally high as tilted and incorrectly installed components. These risks can be bypassed by using cartridge seals. Cartridge seals form a ready-to-install unit consisting of a slide ring and mating ring as well as secondary seal, a seal housing and shaft sleeve.
This type facilitated the assembly and disassembly of the mechanical seal and provides optimal protection
of the sealing surfaces against pollutions.
Sliding materials
The components of the mechanical seal are stressed by mechanical and chemical influences. Depending on
the requirements, sliding materials are therefore used which show resistance against
• corrosion,
• erosion,
• high and low temperatures,
• thermal and chemical stress.
The materials of the sliding surfaces influence the reliability and characteristics of the mechanical seal.
What is particularly crucial here are the hardness as resistance again wear and tear, a low heat expansion,
a large e-modulus as a sign of a good dimensional stability, a high thermal conductivity for the removal of
frictional heat as well as good emergency operating features in case of partial or complete lack of lubrication.
Nowadays, metallic oxides (technical ceramics), carbides and artificial carbons are frequently used as sliding
material.
By targeted pairing of different sliding materials on the slide ring and mating ring, the stability during temporary dry run can be improved and the wear and tear minimized. This is termed hard-hard parings if two
“hard materials” (metals, metallic oxides and carbides) are used. It is often about tungsten carbide against
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tungsten carbide or silicon carbide against silicon carbide. These pairings are particularly wear-resistant and
thus recommended for abrasive fluids. In contrast, hard-soft pairings, where a hard material is arranged
against a “soft material” (artificial carbon), are less wear-resistant. However, they show clearly better emergency operating features in case of temporarily insufficient or missing lubrication.
Flushing and sealing space
The periphery of the mechanical seal is crucial for the correct function of a mechanical seal. Decisive are the
design of the sealing space and the composition of the conveyed fluid.
Should solids be located in the conveyed fluid, they can damage the sliding surfaces of the seal or clog
the sealing gap. With particular conveyed fluid, e.g. coolants, deposits form on the sliding surfaces if the
lubrication film evaporates. The consequences are increased wear and tear and an increasing leakage on the
mechanical seal.
A sealing chamber is arranged in the environment of the mechanical seal. A small share of the pump flow
rate taken from the pressure nozzle is normally led through this sealing chamber. Subsequently, it flows –
mostly on the suction nozzle – back into the pump chamber. Due to the sufficiently high pressure of this
internal circulation flow and the removal of heat, evaporation of the liquid in the sealing chamber is avoided.
Furthermore, the circulation flow lowers the risk of deposits in the area of the mechanical seal.
In some cases, however, an external flushing device is necessary, by means of clean cold flushing liquid is
introduced into the sealing chamber. Deposits are avoided due to the accompanying cooling of the area
around the mechanical seal. Moreover, the conveyed fluid containing solids is kept away from the mechanical
seal. The volume flow rate of the flushing liquid is limited by a throttle between the sealing chamber and the
pump chamber. The lifetime of a mechanical seal can be extended by a flushing device.
After initial installation, or due to gas proportions in the conveyed fluid, it is possible that air or gas accumulates in the sealing chamber of the mechanical seal. In order to avoid the risk of a dry run, the mechanical
seal chamber of pumps is designed in such a way that the gaseous phase escapes and is not trapped or that
it can be discharged by a venting device.
Double seals
Simple mechanical seals cannot be used for all conveyed fluids and operating conditions. Double mechanical
seals are necessary instead if the conveyed fluid is classified as hazardous. Hazardous substances can be
aggressive, toxic or explosive so that a leakage has to be avoided by all means. Double mechanical seals
are also used if simple mechanical seals are exposed to increased wear and tear by solid particles and poor
lubrication properties of the conveyed fluid or the pressure difference to be sealed and the temperature of
the conveyed fluid cause a short lifetime of the seal.
In the “tandem arrangement“, two mechanical seals are arranged one after the other in the same direction
(Figure 46). In this arrangement, the mechanical seal on the fluid side seals the pump internal space against
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the sealing chamber, in which there is a pressure-less quench fluid. External supply of the quench fluid can
take place from a highly perched tank with or without outlet or a recirculation and reuse. The leakage of
the mechanical seal on the fluid side is captured in the sealing chamber and can be monitored using filling
level or pressure measurement in the quench circulation. At the same time, the quench fluid serves as dry
running protection and stabilization of the lubrication film if the conveyed fluid is near its vapor pressure.
The mechanical seal on the atmosphere side seals the sealing chamber against the atmosphere. The tandem
arrangement is unsuitable for environmentally hazardous conveyed fluid, because there is a residual risk
that small amounts of the conveyed fluid get through both mechanical seals into the atmosphere. Then a
pressurized “back-to-back arrangement” is necessary.

Quench container

Quench fluid

Conveyed fluid

side view
Figure 46 Mechanical seal in tandem arrangement

With the “back-to-back arrangement“, two back-to-back arrangement mechanical seals are arranged in one
sealing chamber. The sealing chamber is filled with a barrier fluid, the pressure of which exceeds the pressure
within the pump by 1-2bar. As a result, on the mechanical seal on the fluid side, a leakage from the sealing
chamber is forced into the interior of the pump so that only barrier fluid escapes from the mechanical seal
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on the atmospheric side. The gauge pressure in the sealing chamber must be generated by pressurization
systems. Common are barrier fluid stocks pressurized with a gas cushion in a Thermosiphon vessel or barrier
fluid circuits with dosing pumps. The barrier fluid has to be selected in such a way that it is compatible with
the conveyed fluid as well as environmentally compatible and has good lubrication characteristics and a
high heat capacity in addition. Mechanical seals have to be designed in back-to-back arrangement when the
conveyed fluid contains solids that diffuse into smallest gaps. The gauge pressure in the sealing chamber
prevents them from penetrating the sealing gap. Back-to-back arrangement is also advantageous when the
pump is temporarily operated without a liquid conveyed fluid. The pressurized barrier fluid then also ensures
lubrication of the sliding surfaces.

Barrier fluid
under pressure
Conveyed fluid

side view
Figure 47 Mechanical seal in back-to-back arrangement
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6.3. Magnetic coupling
If – due to environmental protection requirements during the supply of toxic, carcinogenic fluids and those
that are dangerous to health – the shaft sealing with mechanical seals is not sufficient, the use of hermetically sealed magnetic couplings is necessary.
A magnetic coupling is constructed according to Figure 48. It has an external magnet on the drive shaft and
one internal magnet which sits on the pump shaft. Due to the dual nature of the shaft, a bearing of the
pump shaft is necessary. To this end, slide bearings are mainly used. A static, non-magnetic can is arranged
between the magnets. It hermetically seals the liquid inside the pump from the atmosphere. Depending on
the relevant application, the can is made from various materials such as stainless steel/Hastelloy, ceramics,
titanium, borosilicate glass or carbon fiber. By magnetic forces, the torque of the drive unit is transferred
from the rotary movement external magnet to the internal magnet, with a synchronous rotation of the
pump shaft being effected.

Conveyed fluid

Can

Slide bearing

Housing

Outer rotor

Magnets

Figure 48 Magnetic coupling
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Magnetic couplings are lubricated and cooled by the conveyed fluid in the pump. With clean fluids, this is
achieved by an internal circulation. In the process, a partial flow of high pressure is taken at the pressure
nozzle which then flows around the components within the can. For polluted fluids, an external flushing
with a clean flushing liquid shall be provided. Using a magnetic coupling is possible only when the conveyed
fluid does not contain any magnetic components, because otherwise is comes to a damage of the magnetic
coupling.
Magnetically coupled pumps are normally maintenance-free, because there do not exist any dynamic seals,
but exclusively wear-free static seals are used. In magnetic couplings, losses occur in the form of eddy current losses and hydraulic losses in the can. The losses have to take into consideration during project planning
of magnetically coupled pumps.
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7. Electric motors as pump drives
From the many different application areas and pump designs, various requirements also result for the pump
drive. Mainly electric motors are deployed as pump drive, because electricity is well accessible in most application scenarios. During conversion of electrical energy to mechanical energy, electric motors have also a
high power with little losses. Moreover, a speed control of electric motors is possible for the adjustment to
changed operating conditions. For mobile applications and isolated applications, however, alternative drives
such as diesel engines or battery-operated electric motors are necessary.

7.1. Basics on electric motors
Among electric motors, three-phase synchronous motors achieve the best efficiencies, which is why due to a
stronger consciousness for energy efficiency and energy cost, they are more and more used as highly efficient
pump drives. The most frequently used electric motor, however, is the three-phase asynchronous motor
(3PAM). This type has a simple and robust structure, it is resistant against overload, favorable, fail-safe
and requires minimal maintenance. As with all three-phase machines, the mode of action of the 3PAM is
also based on a magnetic field revolving in the air gap, the so-called rotating field. On account of its special
suitability as pump drive, the basics about the 3PAM are dealt with in more detail in Section 7.1.1.

Electric motor
Direct current motor
With
permanent
magnet

Without
permanent
magnet

Three-phase motor
Synchron

Asynchron

Figure 49 Types of electric motors

During the operation of a centrifugal pump, it has to be reckoned with volumetric flow fluctuations and
changes of the pressure. This results in a higher pump power input compared with the design data, which is
all the greater the steeper the performance characteristic is. For this reason, safety margins are taken into
consideration when specifying the motor size in practice.
With a pump operation with speed control, it comes to a deviation from the nominal speed so that other
power inputs result depending on the relevant motor characteristic curve. If a pump shall be designed for a
conveyed fluid, the density or viscosity of which deviates from the testing liquid, a changed power input of
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the pump has to be observed. According to Section 3.1.1, a higher density or viscosity of the conveyed fluid
requires a higher power input of the pump.
7.1.1. Design and function of three-phase asynchronous motors
The main components of the 3PAM are a fixed stator and a rotating rotor, between which there is a small air
gap of fractions of one millimeter. Both the rotor and stator consist of sheet metal bundles, in which electrical windings are stored. Three-phase asynchronous motors additionally have a cast housing with cooling fins
as well as an additional fan propeller on the shaft for the evacuation of heat loss. The connections of the stator and rotor windings are guided to a terminal box attached to the housing. Figure 50 shows the structure
of a common three-phase asynchronous motor, as it is used for the drive of centrifugal pumps, for instance.

Junction box

Flange

Fan

Winding

Free
shaft end
A-sited ball bearing
(fixed bearing)

Rotor stacked core

B-sited ball bearing
(floating bearing)

Figure 50 Structure on a three-phase asynchronous motor

The stator is built up from three identical coil windings which are arranged offset to one another by 120°
angles on a circle. A multiple of three is also possible as stator coil number, with the multiple of it referred to
as number of pole pairs p. If the stator is provided with three-phase alternating current, then temporal sinusoidal currents of the same amplitude flow through the stator windings with a phase shift of 120°. Individual
magnetic fields occur, which overlap to the resulting rotating field. This rotates with the synchronous speed
n0 depending on the frequency of the applied voltage and the number of pole pairs.
 =

 ∙ 60


Equation (7.1)
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In the short-circuited windings of the rotor, voltages are induced so that short-circuit currents are generated
there. Due to the surrounding rotating field, a force or torque is exerted on the current-carrying rotor so that
the latter is accelerated. If the rotor moves in synch to the rotating field with the synchronous speed, then
no voltage is induced and the torque is zero. During motor operation, there always exists a speed difference,
the so-called slip, between the rotating field and rotor. It is calculated as percentage speed deviation from:
=

( −  )
∙ 100%


Equation (7.2)

The speed deviation also leads to the designation of asynchronous motors, where the motor speed and
synchronous speed deviate from each other. For 1-pole and 2-pole motors, depending on the relevant power
supply with 50 Hz or 60 Hz, this results in the synchronous speeds n0 listed in Table 5.
Pole pairs

1

2

Pole number

2

4

n0 (50Hz)

3000

1500

n0 (60Hz)

3600

1800

Table 5 Synchronous speeds of 1-pole and 2-pole three-phase motors

The real speeds of asynchronous motors and thus also the ones of centrifugal pumps driven by them vary
depending on the design size, the load as well as other influencing factors (e.g. between 2,920 to 2,980 1/
min with a 2-pole 50Hz motor). Synchronous motors have rotors rotating with synchronous speed. Their
design and operating mode is not further dealt with in this document.
A 3PAM converts electric energy only in a lossy way into mechanical energy of the rotating shaft. The power
input taken from the grid is decreased by copper and iron losses occurring in the stator of the 3PAM. Via the
air gap, the remaining power is transferred to the rotor, where copper losses occur again in the windings.
Adding to this are friction losses in the bearing of the rotor and losses through the air resistance of the fan.
The remaining power share exists in the form of mechanical power on the rotating shaft. If the speed and
the torque are known, the power of a motor can be determined as follows
𝑃𝑃 = 2𝜋𝜋 ∙ 𝑀𝑀 ∙ 𝑛𝑛 ∙

1
𝑠𝑠
60 𝑚𝑚𝑚𝑚𝑚𝑚

Equation (7.3)

Efficiencies and thus the efficiency of electric motors can be evaluated by means of efficiency classes in
Section 7.3.3.
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7.1.2. Operating behavior and starting methods of three-phase asynchronous motors
The operating behavior of a 3PAM is recorded in the torque characteristic curve depending on the speed. This
shows the following characteristics: When starting a 3PAM, the torque rises with increasing speed up to a
maximum torque, the overturning moment. Furthermore, the torque drops almost linear with rising speed.
In this range, the 3PAM has a fixed speed, the so-called nominal speed, depending on the pole number as
well as the power frequency. In idle speed, the motor runs with the synchronous speed of the rotating field.

Breakdown torque
MK

M
Starting torque
MA
MN Nominal torque

Norminal speed nN
I

IA Starting current

n0 Synchronous
speed
n

IN Nominal current
IO

n
Figure 51 Torque characteristic curve of a 3PAM

Depending on the load, differently high starting torques are required when starting the motor. In general, an
acceleration torque is always necessary for the start, which means that the motor torque must be greater
than the load torque. Together with the applied voltage, the motor torque has a direct influence on the current taken up by the motor, which, in turn is responsible for the heating of the motor winding. Inadmissible
heating of the motor can be avoided by limiting the start-up period and/or the current by means of some of
the following starting methods:
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Direct start-up
Within a very short time, an aggregate reaches the operating speed if it starts using a direct start-up so that
the entire starting torque MA is available from the beginning. This start-up is most favorable for the motor,
but the starting current which has increased fourfold to eightfold against the nominal current, especially with
larger motors, burdens the grid and causes disturbing voltage drops with neighboring machines.
Star-delta start-up
The most common type of start-up is the star-delta start-up, because it is the most cost-effective alternative to decrease the inrush current. To do so, an electric motor operating in normal operation in delta
connection is temporarily operated in star connection during the start-up phase. Due to the star connection,
the voltage is decreased by the factor 0.58 on the windings against the mains voltage so that the starting
current and torque drop to one third of the values with direct start-up. Consequently, the starting process
takes longer. For the star-delta start-up, it is absolutely necessary for the motor windings to be designed
for the applied voltage, both in star and in delta connection, and each of the six winding terminals must be
separately accessible. Therefore, not every motor is suitable for the star-delta start-up.
In star connection, the motor initially runs up beyond the overturning moment up to the highest possible
speed. After that, the motor switches over to delta and accelerates further to nominal speed. Within the
short switch-over time, the motor remains currentless and the speed drops. This drop in speed can be with
aggregates with a small inertia moment so large that following the switch-over an almost undiminished
inrush current flows as with the direct start-up.
Autotransformer starter
When using an autotransformer starter, the voltage is also diminished in the motor windings. In contrast to
the star-delta connection, the level of decrease can be selected, however. During the start-up process, the
autotransformer starter is switched in series to the motor and regulates upward the voltage in two to four
steps up to the rated voltage. In this case, no currentless phase of the motor occurs during switch-over.
Soft start switch-on
As soft start switch-on process can be carried out using an additional soft starter. In the process, the voltage in the motor windings is changed infinitely variable according to the dimming principle. This way, any
desired adjustment of start-up time and starting current is possible within the framework of the allowable
boundaries of the motor.
Soft start via frequency converter
A soft start can be realized without additional effort when using frequency converters. The nominal current
of the motor is not exceeded if the output frequency as well as the voltage of the frequency converter is
run up continuously from a minimum value to the specified target value. Due to the soft start of a speed-
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controlled pump with frequency converter, heavy pressure surges in the system are avoided in addition so
that the lifetime of the pipe system can be prolonged.
U
100 %

Direct

Star-delta

I

Softstarter

Direct

Motor voltage

Adjustable
starting voltage
and starting time

Motor current

Star-delta
58 %

Softstarter

Time t

Motor speed n

M
Direct

Star-delta
Softstarter

Torque

MN

Motor speed n
Figure 52 Starting methods of 3PAM

7.2. Speed control of three-phase asynchronous motors
In Section 4.1.2, the control of centrifugal pumps by a variable speed was dealt with. Using this control
variant, an adjustment of the pump characteristic curve to variable operating parameter can take place in
an energy-efficient manner, because a speed-controlled pump provides only the amount of throughput as
is required for a certain conveying task. By means of the following example, the benefit of a speed control
becomes clear:
The required drive torque M of a pump drops squarely and the volume ﬂow rate Q linearly related to the
speed n. In case of a desired halving of the volume flow rate the required drive torque thus drops to 25 %.
As the mechanical drive power P is calculated to P=2πMn, the required drive power is then only one-eighth
of the nominal power. A frequency-controlled speed control thus offers the most efficient use of energy,
because in comparison to other control methods it achieves the highest efficiency of the pump unit.
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From the high efficiency of the speed-controlled pump results a better life cycle assessment, because also
the pollutant emissions from the generation of the required electrical energy has to be included. In this context, the topic of sustainability is elaborated in Chapter 10. As explained in Section 10.3, energy consumption
is moreover a certain aspect when considering the life cycle costs of a pump system. Furthermore, by using
speed-controlled pumps, the effort of commissioning the pump and the number of control valves can be
reduced so that the total investment costs of the system drop. Additionally, a speed control in pump systems
enables more comfort in many cases. The speed control and thereby the realizable soft start decrease, for
instance, the pressure surge and the noise production within the pump system.
As the motor speed calculates according to
=

(1 − ) ∙ 
 ∙ 60

Equation (7.4)

a speed control can be achieved by changing the number of pole pairs p, frequency f or slip s. Selected
processes are described in the Sections 7.2.1 and 7.2.2. As the speed control with a frequency converter is of
particular importance, it is explained in greater detail.
7.2.1. Speed control with frequency converter
Frequency converters are power converters which generate from fixed grid parameters (e.g. 400V and 50Hs)
a variable voltage in terms of frequency and amplitude for the direct supply of electrical machines. The target
values of frequency and amplitude of the AC output voltage follow the relevant requirements of the electrical
machine and its current load. Frequency converters can capture state parameters such as the speed or the
current power input.

Figure 53 Pump with frequency converter

86

Electric motors as pump drives

Technical background
As already mentioned, 3PAMs have a fixed nominal speed depending on their pole number as well as the power frequency. During start, high current peak values occur at a lower level of torque. In a conventional way,
this is counteracted using the start-up procedure described in Section 7.1.2. With these procedures, however,
no high torque cannot be generated at low speeds. Operation above the nominal speed is not possible either.
By using a frequency converter, the infinitely variable selection of motor speeds between zero and the nominal speed is possible. Frequency converters which provide a constant ratio between voltage and frequency,
guarantee an optimal constant torques M on account of the relation
~


∙


Equation (7.5)

The control of the starting values of frequency and voltage is called U/f control. If the frequency converter
has a U/F ratio of 8 V/Hz, a change of 8 V is achieved in the output voltage with each change of the output
frequency by 1 Hz. Figure 54 shows, up to 50 Hz, an ideal U/f characteristic curve of a frequency converter
leading to a constant torque with a star-connected motor to be controlled.
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Figure 54 Characteristic curves with a U/f control

Using a frequency converter, the motor can be operated beyond the nominal rotation frequency. In the
process, however, the output torque of the motor drops. This happens, because the supply voltage cannot
be further adjusted to the increase frequency. In this speed range it comes to the so-called field weakening.
Using a frequency converter thus allows the use of asynchronous motors in an extended speed range. With
higher frequencies, however, it has to be observed that the fan generates a higher load, with the core loss
increasing depending on the frequency. Consequently, it can come to a thermal or mechanical overload.
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Starting the 3PAM without heavy overcurrent peaks in difficult starting conditions can be achieved by programming a frequency ramp. Likewise, it is possible to decelerate the motor using a decreasing frequency
ramp. If a motor still runs within an allowable slip, can be monitored by some frequency converters independently. Frequency converters which have a space vector modulation are in a position to carry out a
separate control of torque and speed with an asynchronous motor.
Restrictions
The operation via a frequency converter which generates strong electrical disturbing signals on the motor
supply cable leads to an increased insulating material stress and can also disturb other consumers. In order
to avoid such interference radiation, the motor supply cable is often shielded. Moreover, so-called sinusoidal
filters which are arranged between converter and motor can provide remedy.
Beyond the nominal speed, in the motor occur increased eddy-current losses as well as hysteresis losses, whose
heat development can be normally offset via the increased cooling flow of the also faster turning fan propeller.
7.2.2. Further concepts for speed control
Control of the pole number
In case of pole-changeable motors, a double or multiple execution of the stator windings takes place. By
using specially arranged and isolated windings it is possible to switch between different numbers of pole
pairs. A speed ration of 1:2 is mostly realized by using a so-called “Dahlander pole changing”. The pole amplitude modulation (PAM) is a variation of the described pole-changeable motors which makes it possible that
the pole change can amount to a ratio of 4/6 or also 6/8.
Slip control
The slip is varied by changing the stator power supply or by modifications on the rotor. With this procedure,
it comes to increased heat losses.
Rotor control
A rotor control takes place by inserting resistors or other electrical machines into the rotor circuit. Resistors
can be used with so-called slip ring motors (named by the certain type of rotor). Other connected electrical
machines or also rectifier circuits supply an additional, variable voltage so that the magnetization and the
rotor speed can be changed.

7.3. General classification of electric motors
Classification of electric motors takes place in relation to a standard or norm. For example the designs
and design sizes can be categorized by norms of the “International Electrotechnical Commission“ (IEC). In
North America, the standardization of electric motors takes place by the “National Electrical Manufacturers
Association“ (NEMA).
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7.3.1. Design
Electric motors are distinguished by different designs and classified in a symbol system. The symbol system
for IEC motors is called IM code (international mounting) and distinguishes between code I and code II. Due
to the symbol system, the position of the motor shaft, the type of bearing shields, fastening of the machine, installation type and version of the shaft end are taken into consideration. Code I is preferably used to
describe the design. In those cases where the code I is not sufficient to completely describe the design, code
II is used.
Figure 55 shows a symbol example for code I and code II.

IM

B

3
Design index
Operating position: B = horizontal, V = vertical
International Mounting

IM

1

0

0

1
Specification of the shaft end
Position of the shaft end
Specification of the mounting and bearing
Design index
International Mounting

Figure 55 International Mounting Code I und Code II
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7.3.2. Design size
Design sizes of IEC motors are defined according to overall length and axis height. The length of the motors
is marked by the designations S (short), M (middle) or L (large). The axis height is marked by the numbers
stated in the design size and states the measure of the clamping level (with foot motors) up to center of the
shaft in mm (Figure 56).

Axis height
Distance between drillings
Figure 56 Design size of electric motors

7.3.3. Energy efficiency class
The marking and classification of products in energy efficiency classes serves for the purpose of grading
the energy consumption or efficiency of the products and enabling better comparability. At the same time,
minimum requirements can be defined for the efficiency of the products to place them on international and
national markets.
In 2009, the European Commission passed new requirements for the environmentally compatible design of
electric motors with the Regulation 640/2009. Since 1st January 2017, electric motors with a rated output
power of 0.75 to 375 kW, which are newly placed on the market, must either at least achieve the energy
efficiency class IE3 or comply with the energy efficiency class IE2. In the latter case, however, they may be
operated only with an electronic speed control. Outside the EU, however, there apply similar provisions,
which are reflected in respectively other market-specific regulations.
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IE4
1st January 2017
1st January 2015

IE4

IE3 or IE2 with
speed control

IE3 or IE2 with
speed control

IE2 or better
IE2 or better

1st June 2011
No requirements

No requirements

Electric motors
0,75 < 7,5 kW

Electric motors
7,5 up to 375 kW

Figure 57 Required efficiency classes for electric motors (Regulation (EC) 640/2009)

Figure 58 shows the efficiency differences of electric motors of different efficiency classes and thus illustrates the energy-saving potentials in pump systems when using highly-efficient motors.
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Figure 58 Efficiencies of electric motors by efficiency class
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7.3.4. Motor protection
In order to avoid damage of the isolation system of the motor, almost all motors are protected against too
high temperatures. The following situations can lead to the fact that there exists the risk of motor overheating.
Slow temperature rise due to:
• Gradual overload
• Long start-up periods
• Reduced or lack of cooling
• Increased ambient temperature
• Frequent switching on and off
• Frequency fluctuations
• Voltage fluctuations
Fast temperature increase due to:
• Locked rotor
• Phase failure
Design and power input of the motor have to be taken into consideration when selecting an overtemperature
protection. Depending on the relevant design and use of the motor, this has also partly other functions, such
as overtemperature protection for built-on frequency converters. The components listed in the following are
usually used for the protection of electric motors:
Thermistors (PTC thermistors)
Electric motors are equipped with thermistors in order to protect the motor windings against excessive strain
due to high winding temperatures. They can be built in during production or also afterwards into the motor
windings. Thermistors are temperature-independent semiconductors which are available in various activation temperatures. For each phase of the winding, one thermistor is usually connected in series. Connected
to a thermistor relay, the fast rise in resistance of the thermistor is captured once the activation temperature
has been achieved.
Thermistors are used, above all, with motors which are connected to a frequency converter in order to protect
the motor from overload or insufficient cooling by the motor fan.
Thermal switch (bimetal switch)
Usually, thermal switches such as thermistors can be installed in the windings or connected directly to the
main protection. Thermal switches are small bimetal switches which are available in many activation temperatures as well as open or closed version. They operate based on mechanical deformation as a result of
permanent heat exposure. A thermal switch is more cost-effective than a thermistor, but is less sensitive,
however, and thus not suitable to note a motor blockage in good time.
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Standstill heating against condensation water
For stationary motors in a humid environment and motors which are exposed to temperature differences,
there is potential danger of condensation. In order to avoid the formation of condensation water in housings
and electric motors, a standstill heating can be provided and used.
Use under increased air humidity and temperature
Electric motors which are used in tropical climate conditions are constantly exposed to heat, humidity and
moisture. Once the surface temperature of built-in parts is lower than the dew-point temperature of the
ambient air, significantly amount of condensation water occur. In order to avoid this phenomenon, motors
can be delivered in so-called “tropicalized version”. In existing standards and draft standards for electrical
machines, the term “tropicalized” is not defined, however. The particular stresses in tropical and sub-tropical
areas can be so different in climatic and tropical sense that they have to be stated on a case-by-case basis.
The effects of humidity and large temperature fluctuations can be considered as the most important criteria
for “tropic-proof”.
In case of motors which are not treated accordingly, irreparable damages on the stator windings as well as
rotating parts have to be expected due to corrosion.
7.3.5. Thermal class
Energy conversion in the motor takes place in a lossy way according to Figure 59 so that part of the supplied
electrical energy is not available as mechanical energy on the motor shaft. This part is converted to heat and
it comes to a temperature increase in the motor.

Electrical power
Stator

Cooper losses
Iron losses

Air gap performance
Cooper losses
Rotor
Friction losses
Mechanical
power
Figure 59 Losses in the electric motor
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Due to high temperatures, the aging process of the materials used in the winding insulation is strongly
influenced. As a result, the practical value and the lifetime of the motors are strongly limited. By the thermal
class it is specified what final temperature the motor may achieve at the maximum. With it, the hottest point
of the motor winding is taken as a basis. The insulation materials are designed and graded according to the
thermal class. The thermal class according to Table 6 is stated on the motor nameplate.
Heating ΔT
(at ambient temperature 40 °C)

Maximum temperature Tmax
(incl. thermal safety)

Class Y

50 °C

90 °C

Class A

60 °C

105 °C

Class E

75 °C

120 °C

Class B

80 °C

130 °C

Class F

105 °C

155 °C

Class H

125 °C

180 °C

Table 6 Thermal classes

7.3.6. Modes of operation
Three-phase motors are normally designed for permanent operation with the rated power. A large part of
the drives is run with a mode of operation that deviates from permanent operation, however. With all these
deviating modes of operation, a motor heats in a different way than with those in permanent operation.
To characterize the load of electrical, rotating machines, motors are therefore divided into various modes of
operation. The mode of operation describes the load of the machine by size, duration and temporal sequence. The various modes of operation are described by the nine code numbers S1 … S9 (see Table 7).
Code number

Meaning

S1

Permanent operation

S2

Short-time operation

S3

Intermittent duty without influence of the start process

S4

Intermittent duty with influence of the start process

S5

Intermittent duty with influence of the start process and electrical braking

S6

Continuous operation with intermittent loading

S7

Uninterrupted operation with start and electrical braking

S8

Uninterrupted operation with periodic speed change

S9

Uninterrupted operation with non-periodic speed and torque change
Table 7 Modes of operation
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In permanent operation, the operation period is at least so long until the thermal state of inertia has been
achieved. In this thermal balance, the thermal discharge the waste heat is completely emitted into the environment. In the process, the thermal state of inertia must not exceed the maximum allowable operating
temperature.
The power loading time in short-time duty is by contrast so short that the thermal state of inertia is not
achieved. The subsequent rest period is sufficiently long so that cooling to ambient temperature happens.
Also in intermittent duty, the power loading time is so short that the thermal state of inertia is not achieved.
In contrast to short-time duty, the subsequent rest period is not long enough, however, to enable cooling
to ambient temperature. Therefore the motor is restricted in its maximum power to protect it against overheating.
7.3.7. Housing type – IP protection classes
The protection classes graded with IP define the degree of protection of the housing against contact, foreign
objects and water. By means of the IP protection classes it is specified to what extent an electrical part is
exposed to environmental influences without being damaged or representing a safety risk. The abbreviation
IP stands for “International protection“. With the first code number (KZ1), the degree of protection against
penetration of foreign objects and dust is characterized. The protection against penetration of water is described by means of the second code number (KZ2).
The protection class IP54 ensures complete protection against contact, for instance, as well as protection
against dust deposits and protection against splash water from all directions. When a protection class is not
stated, the number is replaced by the character B, e.g. IPX4.
KZ1

Protection class

KZ2

Protection class

0

No protection

0

No protection

1

Protection against penetration of large
foreign objects d > 50 mm. No protection
in case of deliberate access

1

Protection against dripping water falling
vertically (dripping water)

2

Protection against medium-sized foreign
objects d > 12 mm, keeping away fingers
or similar things

2

Protection against water dripping at an
angle (dripping water) -15 °C towards
normal operating position

3

Protection against small foreign objects
> 2.5 mm, keeping away tools, wires and
similar things

3

Protection against spray waster – up to
60° to the vertical
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KZ1

Protection class

KZ2

Protection class

4

Protection against grain-shaped foreign
objects d > 1 mm, complete protection
against contact

4

Protection against splash water from all
directions

5

Protection against dust deposits (dustprotected), complete protection against
contact

5

Protection against jet water from all
directions

6

Protection against penetration of dust
(dust-tight), complete protection against
contact

6

Protection against heavy sea-water or
strong water stream (flood protection)

7

Protection against immersion in water for
defined pressure and time conditions

8

Protection against permanent immersion
in water

Table 8 IP protection classes

7.4. Classification of motors for hazardous environmental conditions
The product directive ATEX 2014/34/EU (derived from the French “ATmosphère EXplosible“) deals with the
explosion danger in various areas. The directive is relevant for electrical, mechanical, hydraulic and pneumatic systems. The safety requirements of the ATEX directive shall ensure, in terms of mechanical systems,
that pump components do not excessively heat and thereby ignite gas or dust. Manufacturers are obliged to
comply with the requirements of the directive and to mark their products with the corresponding categories
when they shall be provided to the European market.
Explosion-endangered areas are divided into zones by frequency and duration of occurring hazardous explosive atmospheres. An area which is not classified in this zone is considered to be not hazardous or safe.
7.4.1. Ex zones
In the following, the 6 hazardous areas are listed, of which the degree of danger ranges from extreme to
seldom. When classifying the explosion-endanger areas, a distinction is made between the zones 0 to 2 for
gas and the zones 20 to 22 for dust.
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Zone 0:
Zone 0 is an area, in which dangerous explosive atmosphere may be permanently or over longer periods or
frequently present in normal operation as a mixture of air and combustible gases, vapors and fogs.
Zone 1:
Zone 1 is an area, in which dangerous explosive atmosphere may develop occasionally in normal operation
as a mixture of air and combustible gases, vapors and fogs.
Zone 2:
Zone 2 is an area, in which during normal operation a dangerous, explosive atmosphere does normally not or
only briefly occur as a mixture of air and flammable gases, vapors or mists.
Zone 20:
Zone 20 is an area, in which dangerous explosive atmosphere in the form of a cloud in which the air contains
flammable dust, exists permanently, over long periods or frequently.
Zone 21:
Zone 21 is an area, in which during normal operation a dangerous, explosive atmosphere can occasionally
develop in the form of a cloud in which the air contains flammable dust.
Zone 22:
Zone 22 is an area, in which during normal operation a dangerous, explosive atmosphere does not normally
or briefly occur in the form of a cloud in which the air contains flammable dust.
So that it is ensured that the device can be safely used in a hazardous explosion area, it must be known what
gas and dust it is about, and the temperature class must be compared with the auto-ignition temperature
of the respective mixtures.

Figure 60 Labelling of explosion protection

7.4.2. Grouping of devices into the ATEX environment
For use in explosion-endangered atmospheres, devices are classified in groups.
Group I
Group I stands for mines susceptible to firedamp (coal mining). This is subdivided according to the respective
explosive substance. The danger increases from A to C.
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Group II
Group II stands for explosive gases and with some ignition protection types (Ex i, Ex, d, Ex n) contains the
subgroups IIA, IIB and IIC. Diesel, benzene, methane, carbon monoxide, for instance, are assigned to the
subgroup A. Town gas, hydrogen sulphide and ethylene belong to the subgroup B. Hydrogen, acetylene and
carbon disulphide are assigned to subgroup C.
Potentially explosive areas, other than mining
According to the ATEX directive, devices are classified into the categories 1 to 3. In this case, the character “G”
marks the categories of gas hazards, and the character “D” the categories of dust hazards.
Category

Design requirements

Use

1G/1D

very high degree of safety, also with a rare incident of
faults/defects

Zone 0 (Category 1G)
Zone 20 (Category 1D)

2G/2D

high degree of safety in case of faults/defects to be expected frequently or usually

Zone 1 (Category 2G)
Zone 21 (Category 2D)

Avoid ignition sources
3G/3D

normal degree of safety in case of foreseeable faults/
defects

Zone 2 (Category 3G)
Zone 22 (Category 3D)

no causation of ignition sources
Table 9 Device classification by hazard category (ATEX)

Potentially explosive atmosphere in mining
The prefix “M” (mining) in the device class indicates devices which are intended for use in mining. The special
operating conditions underground, as well as the hazards due to methane gas and coal dust, must be taken
into account when designing the devices used there. In coal mining in Germany, the term “firedamp protection” is used for explosion protection.
If the lower explosive limit of mine gas is exceeded, devices of category M1 may be further operated. Firedamp
hazard must not emanate from devices of category M2. That is why these devices must be switched off when
the legally specified threshold value of 20–25 % of the lower explosion limit of methane is exceeded. As the
gas concentration is measures at particular places only, for example at places where the mine weather conditions leave the area of coal mining, such a safety distance to the lower explosion limit is necessary. As a rule, the
concentration of the mine gas stored in the coal is highest at the place of being released. Thus the explosive
limit must not be achieved there, neither.
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7.4.3. Temperature classes
All devices are classified in temperature classes according to their maximum achievable temperature.
In an explosion-endangered atmosphere, only those devices and operating materials may be used, whose
surface temperatures are below the ignition temperature of the surrounding potentially explosive mixture. The
individual mixtures of substance are assigned to the relevant temperature classes T1 to T6 (Table 10).
Temperature class

Maximum temperature

Examples of substances (see also ATEX)

T1

450 °C

Carbon monoxide, methane, propane, hydrogen

T2

300 °C

Acetylene, cyclohexane, ethylene

T3

200 °C

Diesel, benzene, hydrogen sulphide

T4

135 °C

Acetaldehyde, diethyl ether

T5

100 °C

No substances

T6

85 °C

Exclusively carbon disulphide
Table 10 Temperature classes

Due to the influence on the achievable device temperature, the maximum allowable ambient temperature
has to be taken into account when specifying the temperature class of an operating material. The safety
distance between flash point and device temperature is specified in the respective standards.
7.4.4. Ignition protection types
Explosion protection of an electrical device can be achieved by means of several technical possibilities. It is
ensured by means of technical measures that, according to the grouping of an assumed explosive mixture,
no source of ignition can become effective. Relevant ignition protection types are briefly describe in the
following and summarized in Table 11.
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Protection
class

Code Use

Principle

Application area

General
requirements

–

–

Basic requirements for electrical systems

All devices

Oil immersion

0

Category 2
Zone 1

Oil immersion of electrical components
avoids the ignition of explosion-endanger atmosphere

Transformers

Pressurized
enclosure

p

Category 2
Zone 1

Encapsulation of the systems is pumped
out in order to remove the explosive
atmosphere, then pressurized in order
to prevent the surrounding atmosphere
from penetrating

Switching and
control cabinets,
large motors

Powder filling

q

Category 2
Zone 1

Electrical parts are enclosed in sand (e.g.
quartz sand) in order to avoid contact
with the explosion-endangered atmosphere

Electrical parts, e.g.
capacitors, fuses

Pressure-proof
encapsulation

d

Category 2
Zone 1

Encapsulation of electrical systems, which
in case of explosions prevent the surrounding atmosphere from being ignited

AC motors, control
panels, lighting
fixtures

Increased
safety

e

Category 2
Zone 1

By means of additional procedures, it is
avoided that electric arcs, sparks and hot
surfaces can ignite an explosion-endangered atmosphere

AC motors, terminal
boxes, junction boxes,
lighting fixtures

Intrinsically
safe

ia

Category 2
Zone 0

ie

Category 2
Zone 1

The electrical energy within a device is limited in such a way that the atmosphere cannot be ignited by spark formation
or heating of circuits

Measuring and
control systems
(e.g. sensors, instruments)

Encapsulated,
molded

m

Category 2
Zone 1

The electrical components are embedded
into materials approved for that purpose
in order to avoid contact with the explosion-endangered atmosphere

Measuring and
control systems,
solenoid valves

„non-sparking“

nA

Category 3
Zone 2

Not forming electric arcs and not
generating sparks

AC motors, terminal
boxes, lighting
fixtures

Table 11 Ignition protection types
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Explosion protection encapsulation
For the explosive hazard area of zone 1, motors with explosion protection encapsulation were designed.
In this case, the motor is encapsulated so that no inside explosion can get to the explosive atmosphere
surrounding the machine. The character d indicates the maximum permitted gap of the device, which is the
maximum width of a gap of a flame arrester through which an ignition cannot be transferred any more. In
the process, the encapsulation must be able to resist the occurring pressure level without being damaged.
During operation, the temperature of the external encapsulation must not exceed the auto-ignition temperature of the explosive atmosphere of the site of installation. Outside the explosion-protected area, no
motor may represent a potential source of sparks, electric arcs or dangerous overheating.
Many times, the combination of protection classes “d” and “e” is used. So the motor is designed with an
EEx-d (pressure-proof) safety encapsulation, with the terminal box having an improved EEx-e safety protection. With this combination, the higher degree of safety of protection class “d” is coupled with the less strict
electrical requirements for motors with increased safety.
Ignition protection type with increased safety – EEx e
A motor with ignition protection type EEx e is designed in such a way that occurrence of sparks, electric arcs
and hot spots on internal and external parts of the motor are avoided during operation which could reach
the auto-ignition temperature of the surrounding, potentially explosive atmosphere.
Ignition protection type “non-sparking” – EEx nA, Ex nA, Ex N
Non-sparking motors were designed for the operation in hazardous areas of zone 2. Such a motor is similarly
designed as the standard TEFV motor, where special attention is paid, however, that occurrence of sparks and
electric arcs or dangerous surface temperatures is avoided.
Dust explosion protection (dust ignition proof (DIP))
With dust explosion proof motors, a distinction is made between 2D/category 2 and 3D/category 3 devices.
The fan of a DIP motor of category 2 for use in zone 21 is made from metal so that the occurrence of ignition
sparks is avoided due to the discharge of static electricity. The externally located terminal box is subject to
stricter design requirements because of the ignition danger. On the nameplate of the motor, the maximum
surface temperature of the encapsulation is stated which applies for the operation under the most unfavorable, but still allowable conditions. For the use in zone 21, motors must be completely dust-proof and thus
have IP protection class IP65.
The temperature stated on a DIP motor of category 3 for the use in zone 22 is prescribed for the operation
under the most unfavorable, but still allowable conditions. For the use in zone 22, a motor must be dust-protected. So the motors in different categories differ only in terms of their IP protection class.
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7.5. Alternative drive concepts
In special cases, alternative drive concepts for the electric motor can be used for the operation of pumps.
In principle, every kind of drive source can be used which can deliver the necessary speed for the relevant
conveying task and the necessary torque.
For mobile application purposes, a diesel engine drive can be realized, for example. Figure 61 shows a design
with diesel engine drive. Likewise, operation with a hydraulic or compressed air motor is also possible.
When selecting a drive, it is absolutely necessary to observe the direction of rotation of the pump. While
electric motors can operate in both directions of rotation due to pole changing, this is not possible with diesel
engines, for example. Then pumps can be driven only when their direction of rotation is in compliance with
the drive motor/engine.

Figure 61 Pump with diesel engine drive
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8. Automation technology for pump processes
Already with the digital revolution (third industrial revolution at the end of the 20th century), the change of
the pump began from a mere processing machine converting electrical or mechanical energy into hydraulic
energy towards a mechatronic system (see Chapter 1). The rapid development in information and automation technology offers new possibilities to this date for increasing the efficiency and operational safety
during operation of centrifugal pumps.
Automated processes require three fundamental components:
• Sensors capturing the relevant state of process values,
• A ctuators such as pumps or control valves, the operating behavior of which is adjusted to the respective process sequence,
• A suitable control system, specifying this change by means of the determined process values and
process-specific algorithms.
Due to the current progress of the fourth industrial revolution (industry 4.0), steps follow about learning
systems and artificial intelligence. The industrial Internet of Things enables M2M communication (machine-machine) also beyond physical system boundaries and offers innovative concepts especially in terms of
monitoring and diagnosis.

8.1. Sensors
First examples for sensors (PTC/thermal switch) were already shown in Section 7.3.4. Furthermore, sensors
are key components of control loops for speed control (cf. Section 4.1.2 and 7.2.1).
Generally, sensors are devices for capturing physical (e.g. pressure, temperature or vibration) or chemical
(e.g. pH value) parameters. The parameters recorded by means of various procedures are converted into an
electrical signal in order to be able to process it further.
Sensors are classified according to various criteria. Some of these criteria are explained in the following.
8.1.1. Measurement procedure
The physical value to be measured is mostly ascertained not directly, but indirectly from the change of state
of a measuring device. If with conventional liquid thermometers, for example, the temperature is determined
by means of the thermal expansion of a liquid, then the temperature-dependent resistance of the thermistor
is used with the already mentioned PTC thermistor to suggest the existing temperature.
In order to capture the measured value, many measurement procedures require direct contact with the
object or the fluid in case of pump systems. Apart from these contact-bound sensors, there also exist
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non-contact measurement procedures which determine the measured value by means of changes in the
magnetic field (inductive sensors), for example, or radiation (infrared thermometer). As a result, the sensors
are not exposed to the loads of the conveyed fluid (e.g. pressure, temperature or chemical attack) and thus
less prone to wear and tear.
The selection of the measurement procedure depends on various application-specific parameters:
• Conveyed fluid
• Necessary measuring range
• Required measurement accuracy
• Economic efficiency of measurement procedures
8.1.2. Installation
Contact-bound sensors can be connected to pipes or tanks in a number of different ways. Common are
various threaded or flange connections.
Apart from less susceptibility to mechanical wear and tear, easier installation also speaks for non-contact
sensors, because they can be freely positioned within a certain range. Non-contact sensors are especially
suitable for temporary measurements, because they can be used without intervention into the existing
installation.
Moreover, the installation effort also depends on whether an intensive or extensive parameter is measured.
Intensive parameters, such as pressure, are independent of the dimension of the system, whereas extensive
parameters such as the volume flow rate change with the extension of the system. So the installation effort
for a pressure sensor does not change with different pipeline diameters. With flow sensors, however, acquisition costs and installation effort rise significantly with an increasing pipeline diameter or measuring range.
8.1.3. Binary and analogue sensors
Simple switches switch from one state into another one (binary or discrete signal) once the measured process value reaches a set switching point. In order to achieve a stable switching behavior, the switch-on
and switch-off point are set to slightly different values. The difference between both switching points, the
so-called hysteresis, can be specified fixed in the switch or be configurable to adjust it to the relevant application. Analogue sensors output a continuous signal, the value of which is proportional to the measured
process value.
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Figure 62 Switching hysteresis

8.1.4. Measuring range
The measuring range of a sensor is that interval, in which the measured values can be captured with the
guaranteed measurement accuracy. Usually, the output range of a sensor is also equivalent to the measuring
range. Process values which exceed the measuring range or fall short of it, are thus not captured but they
are often allowed. That is why, apart from the measuring range, the allowable operating range, in which the
sensor can be operated without damage, has to be observed in addition. This allowable operating range can
also relate to other parameters than the actual measured variable. So, apart from an allowable temperature
range, a temperature sensor can also have a permissible pressure range when installed in a pipeline or the
pump housing.
The measuring range should be adjusted as exactly as possible to the intended range of the process values.
If too large a measuring range is selected, the measuring accuracy will suffer. If the process value can take
on values between 0 and 3 bars, for instance, and a pressure sensor 0–250 bar is used with a measurement
accuracy of 1 %, the measurement uncertainty is very high.
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8.1.5. Output signal
The captured physical parameter can be converted by the sensor into various electrical signals. Simple switches open or close an electric circuit.
For analogue sensors, standard signals such as 0–10 V or 4–20 mA are predominantly used in order to achieve compatibility of different analogue sensors and the corresponding analysis units. If, in case of indirect
measurement procedures, the change of the auxiliary value (e.g. resistance with PTC thermistors according
to Figure 63) does not behave proportionally to the change of the parameter to be measured, the measuring
transducer integrated in the sensor must linearize the signal first of all.
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Figure 63 Linearization

Due to the proportional correlation between the physical measured value and the electrical signal, the analyzing unit (e.g. controller) can, in case of a known measuring range, calculate the physical value from the
applied electrical signal (measuring range 0–120 °C, signal 0–10 V: 4 V = 48 °C).
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So that analogue signals can be processed by electronic control units and that it is possible to transmit their
values via a fieldbus system, a conversion into digital signals is often required. The analogue signal is split
into individual steps by a so-called AD converter. An 8-bit AD converter splits the signal into 256 steps, for
example 0–100 °C in 256 steps of approx. 0.4 °C each. Each AD conversion thus deteriorates the accuracy of
the transmitted signal depending on the so-called bit depth of the converter.
Apart from sensors with a defined output signal, also such ones are available whose output signal can be
selected. Moreover, analogue sensors can be provided with additional switching outputs in order to signalize,
apart from the process value, in binary form that a set value is exceeded or fallen short of.

8.2. Process control engineering
In order to adjust the operating behavior of a pump to the process sequence by means of the determined
measured values, corresponding process control engineering is necessary. With it, it is generally distinguished
between the control of continuous processes and the control of discontinuous processes.
8.2.1. Control of continuous processes
In continuous processes such as cooling processes, the hydraulic power of the pump must be controlled in
order to provide the required cooling capacity also with dynamic system conditions.
The controllers used for this continuously compare the captured measured value (process variable) with a set
target value as illustrated in Figure 64. If the measured actual value deviates from the specified target value
due to the effect of a disturbance variable (e.g. additional consumer), the controller will change the output
regulating variable (drive speed) in order to offset the control deviation.

Adjustment
variable (y)

Disturbrance
variable (z)
Controlled system

Adjustment system

Regulating
variable (x)

Measuring system
x

Controller
Control variable (u)

Figure 64 Control loop

Norminal value (w)

Automation technology for pump processes

107

Controllers can be designed either as separate devices in the form of compact controllers or also as so-called
soft controllers integrated in other devices (e.g. programmable logic controller).
8.2.2. Control of discontinuous processes
Discontinuous processes are controlled by means of fixed predefined sequences. Such processes can be, for
example, batch processes in chemical engineering or in the food industry. The control captures manual inputs
of the operator and the signals from sensors out of the process in order to control the procedure. As for the
sequence control only extreme values of the process parameters are often relevant, cost-effective switches
can be mostly used instead of sophisticated analogue sensors. When using a frequency converter, the speed
of pumps can here also be adjusted to various demand situations in the process. In this case, however, without feedback from the process (closed loop). Figure 65 shows an exemplary sequence control.

Container filled
Start criteria

Initial step

Release through operator
Heating of fluid

Step 1

Sensor: temperature achieved
Step enabling
criteria

Draining of fluid
(n=1450 1/min)

Step 2

Rinsing of container
(n=2900 1/min)

Step 3

Sensor: level empty

Figure 65 Sequence control

8.2.3. System integration
Simple control loops and sequence controls can be realized by using state-of-the-art frequency converters
with integrated PID controllers and soft PLC functions. So pumps for particular processes, which run independently of more complex systems, can be equipped with integrated frequency converters and sensors and
adjust their operating behavior autonomously.
This integration of sensors, control technology and frequency converters into the pump can have a lot of
advantages. Particularly the costs for installation, wiring and commissioning are significantly lower than with
using separate components. All components are matched to one another so that planning is facilitated and
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potential errors in the design can be avoided. Also special, application-specific functions for pump systems
such as an integrated dry running protection can be implemented.
In more complex systems and plants, pumps are rather integrated in existing control and process control
systems, however. In such systems with a central control technology, partial functions (sensors and control
technology) or the entire automation including frequency converters are taken over by higher-level control
systems. Important for this integration is the connectivity of the pump, that is the provision of connections
for sensors, for example, or support of the required communication interfaces for the fieldbus systems used.
A useful equipment of centrifugal pumps with drive controllers and sensors also depends heavily on the
relevant conveying task and the degree of automation of the entire system.

8.3. Control procedures for centrifugal pumps
Centrifugal pumps are mostly used as actuator in continuous processes, that is their operating behavior is
adjusted to the relevant process sequence. In the following, some usual control types for centrifugal pumps
in continuous processes are presented in more detail. Principally, the process variable can be selected at will
in order to adjust the control to the individual process.
8.3.1. Constant pressure control
The constant pressure control is one of the most frequent control types for centrifugal pumps. It is used whenever the pump in an open system shall keep the relative pressure constant in respect to the atmosphere
with changing volume flow rates. For this purpose, a pressure sensor is installed on the pressure side of the
pump. The controller synchronizes the captured pressure with the set target value and in case of deviations
readjusts the speed of the pump drive.
In most cases, so-called piezoresistive pressure sensors are used for this. On this occasion, the pressure
applied acts on a diaphragm. The deflection of this diaphragm changes the resistance of integrated resistors
dependent on deformations. The measuring transducers of the sensor linearize and change the resistance
then again into a standard signal (e.g. 4–20 mA).

FC
p

Open system

Pump
Figure 66 Constant pressure control
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An application example for a constant pressure control is pumps in cleaning systems. Here the available
pressure on the cleaning nozzles must be kept constant on the design pressure of the nozzles in order to
achieve and optimal cleaning result. If additional nozzles are switched on during the cleaning process, the
volume flow rate to be generated by the pump rises, with the head declining according to the characteristic
curve of the pump. This change is captured by a pressure sensor and compensated by the controller by
increasing the pump speed.
Also a fluctuating upstream pressure, e.g. with instable water supply networks or due to variable fill levels in
storage tanks, can be compensated by means of a constant pressure control.
8.3.2. Differential pressure control
In closed circuits, geodetic height differences and a potentially existing static gauge pressure of the system
need not be taken into consideration for the control of the pump. That is why not the absolute pressure on
the pressure side is kept constant, but the differential pressure between the suction side and the pressure
side of the pump.
The value of the differential pressure as a reference variable for the speed control can be captures by means
of a differential pressure sensor. In contrast to the previously described piezoresistive pressure sensors, where only the atmosphere counteracts the fluid pressure, with a differential pressure sensor, the two pressures
to be compared act on the diaphragm in the opposite way. The deformation of the diaphragm is thus a result
of the pressure difference between the two sides. Alternatively, the suction-side and pressure-side pressure
can also be recorded by pressure sensors (Figure 67). In this case, the processing of both signals for the
required pressure difference, however, must be additionally taken over by the controller or an interconnected
analysis unit.
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Figure 67 Differential pressure control
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Differential pressure controls are used in heating circuits, for example. Here the pump circulates the fluid
in a closed circuit and overcomes only the flow resistances of the pipeline system including valves and the
flow resistance of the connected consumers. If individual consumers are opened or throttled, the system
characteristic curve changes (cf. Section 4.1) so that it results in a new operating point. In order to ensure a
stable heating capacity of individual consumers, however, the controller adjusts the pump speed in such a
way that a constant differential pressure is available to them.
8.3.3. Temperature control
Apart from the differential pressure control, cooling circuits can also be controlled by means of the temperature. Regardless of the hydraulic process values, the temperature is used here as a reference variable for
the control. For this, a temperature sensor is introduced into the return flow of the circuit. The temperature
sensors used are mostly executed as probes for the pipeline installation. These probes contain a temperature-independent resistor. Infrared thermometers can be used as a non-contact alternative which determine
the temperature by means of the thermal radiation.
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T

Pump

Consumer
Figure 68 Temperature control

If the required cooling capacity of the consumers rises, this - in case of a constant inlet temperature - leads
to an increase of the return flow temperature due to the absorbed thermal energy. The controller compensates this disturbance variable by increasing the drive speed of the pump in order to generate a greater volume
flow rate. In doing so, the controller acts in an opposing way to the previously introduced control procedures.
An increased process value (temperature) leads to an increase of the actuating value (frequency/speed).
With fluctuating inlet temperatures, a differential temperature control is also possible, alternatively, in order
to provide the consumers with a constant temperature difference for cooling, regardless of the absolute
temperatures.
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8.4. Monitoring and diagnosis of centrifugal pumps
Apart from the improvement of the efficiency, the use of intelligent measuring and control concepts offers
also opportunities for increasing the operational safety and for monitoring centrifugal pumps.
8.4.1. Protection features
For the protection of centrifugal pumps against critical operating states and damages resulting from that,
various control-related measures can be provided.
Critical operating states include, among other things:
• Dry run
• Overload
• Failure of the sealing supply
Dry run
Cooling and lubrication of slide bearings and mechanical seals in a centrifugal pump are dependent upon
the conveyed fluid. A dry run of the pump can lead to premature wear and tear up to the failure of these
components (cf. Section 6.2). In order to protect the pump against this operating status, it is preventively
switched off.
The selection of sensors for the detection of a dry run depends on the relevant application. If the pump is
fed from a supply tank, for instance, a liquid-level switch can be used to switch off the pump if it falls short
of a minimum filling level. Alternatively, the existence of the conveyed fluid can be captured directly in the
pump by means of a tuning fork sensor. To capture the filling level, the sensor here sets the tuning fork into
vibration. Depending on the surrounding fluid (liquid or air), the damping of the vibration changes so that
the overlap can be monitored using liquid.
State-of-the-art frequency converters can detect a dry run of the pump also by analyzing current process
data such as drive speed, power input and head.
Overload
If a centrifugal pump is operated outside the intended operating range, there is a threat of risk of cavitation
(cf. Chapter 5) and overload of the drive motor.
The protection of electric motors by means of thermistors or thermal switches was already explained in Section 7.3.4. Further possibilities are offered by using pump-specific frequency converters. When a set power
input is exceeded here, for example, the drive speed can be reduced in order to keep the pump within the
allowable operating range.
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Failure of the sealing supply
If in case of mechanical seals being arranged in double arrangement (cf. Section 6.2.2) the supply with
quench or barrier fluid fails, it can come to damages of the pump and, in the worst case, to a leakage of
hazardous conveyed fluid from the pump. In order to avoid such damages, both the filling level and also the
temperature of the quench or barrier fluid can be monitored.
8.4.2. Condition Monitoring
The above described methods for the protection of centrifugal pumps do not act until reaching a critical
operating status and then lead to the pump being switched off or to a decrease of the conveying capacity.
Since pumps as central components of many systems are indispensable for their operation and downtimes
often have serious consequences, the focus is placed more and more on predictive maintenance.
At this, it is tried to capture the condition of the pump by means of measurable indicators in order to take
measures for repair before it comes to a failure. This condition monitoring monitors, for example, the vibrations of the pump or drive motor as an indication of progressive wear of the shaft bearing. Also a rising power
input, increased bearing temperatures or a decreased shut-off head can be an indication for wear and tear
and an imminent failure.
Previously, to analyze these parameters, so-called data loggers were used which record the development
of the values for a particular period and then manually evaluate them. Due to the current developments of
digital networking it is meanwhile possible, however, to collect this data in real time, to relate them to other
process values and evaluate those (Big Data). The technologies of the Internet of Things make it possible by
means of the knowledge gained, for instance, to automatically plan service deployments or to directly order
required spare parts due the connection to the supply chain.
Also for the energy management, condition monitoring can make an important contribution by providing
current process values for energy controlling in order to be able to optimally operate the system also under
energetic-technical criteria.
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9. Materials and corrosion behavior
9.1. Materials selection
The requirements to the parts of a centrifugal pump, resulting from the conveying task, are also significant
for the selection of materials. For the solution of a set conveying task, there are always several possible
materials which fulfil them more or less well. When selecting materials, aggressive fluids including acids and
alkalis, oxidizing liquids, but also fluids containing solids, for example, must be considered in a special way.
An exact check of the materials selection is of tremendous significance in order to select an optimal solution
for the respective requirement and to realize a competitive price for the final product.
When selecting the correct pump materials, the following requirements have to be checked:
• Fulfilling technically required material requirements
To be able to evaluate the technically required material requirements, a precise knowledge of the collective stresses is necessary which comprise mechanical requirements of static and dynamic type, thermal
requirements (operating temperature) as well as chemical interactions with the conveyed fluid. In the
end, the selection of a particular material for a specific pump part in the respective application is the
responsibility of the manufacturer and requires their competent application knowhow.
• Economic and resource-friendly materials selection
In some cases, a compromise must be found between life cycle and investment cost in order to find
the most efficient solution in a demanding application. Longer life cycles mean low repair demand, but
often also a higher investment regarding acquisition. This, however, can be quickly exceeded due to
maintenance and spare part costs if the pump solution is not optimally matched with the application.
Basically, it is important to push the use of cost-effective and simple manufacturing methods and to
attach greater importance to workability, availability and obtainability when selecting materials.
In practice, high failure rates can be caused during or shortly after the commissioning of pumps due to a wrong
design. These failures are also often caused by the fact that process parameter such as temperature, pH value,
density, viscosity or other operating data do not comply with the values for which the pump was designed.

9.2. Metallic materials
The metallic pump materials are mostly alloys. They consist of several elements, of which at least one is metal. On account of the type and the mass fraction of the alloy elements in connection with the temperature
and cooling time during production, different microstructures will form. This results in different properties
of the material, for example in terms of machining properties, deformability, weldability and corrosion resistance.
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9.2.1. Cast iron materials
Cast iron is an iron-carbon-alloy with a carbon content > 2 percent by weight. Provided the cast skin is
undamaged, it has a better corrosion resistance than steel with otherwise comparable resistance. Cast iron
shows good corrosion resistance towards neutral as well as alkaline liquids, whereas the resistance towards
acids is small. Depending on the relevant requirement, various types of cast iron materials are used in the
pump industry.
With cast iron, a distinction is made regarding the formation and structural form of the included carbon
between white and grey cast iron. White cast iron is produced by rapid cooling of the molten metal during
production, whereas grey cast iron develops in case of slow cooling. There the carbon in the structure exists
as graphite. According to the form of the graphite (Figure 69), grey cast iron can be divided in “grey cast iron”
(lamellar graphite) and “spheroidal graphite iron” (spheroidal graphite).

Flake graphite (GJL)

Spheroidal graphite (GJS)

Figure 69 Microstructure of cast iron

Cast iron with lamellar graphite (“grey cast iron”)
Due to an inconsistent microstructure with graphite lamellae and inner tensions, grey cast iron with lamella
graphite does not have any recognizable ductility and is thus a brittle material with a good rigidity of shape.
Due to the layering of the graphite lamellae, grey cast iron has good damping characteristics. Moreover,
lamellae graphite shows a very good compatibility towards compression stresses. Also in consequence of its
good castability with a low degree of shrinkage, grey cast iron has a wide range of applications. On account
of the additionally very reasonable prices of this material, the annual production of cast iron with lamellae
graphite is greater than all other cast materials combined.
Cast iron with spherical graphite (“spheroidal graphite iron“)
In the spheroidal graphite iron, the graphite is distributed in the form of balls. Due to the spherical shape
of the graphite, the inner tensions decrease so that the material shows clearly better properties in terms
of tensile strength and ductility compared with grey cast iron. On account of these properties, spheroidal
graphite iron is used for the production of pump parts, for which increased requirements exist with regard to
safety. This applies, for instance, for the supply of explosion-endangered liquefied gas (LPG).
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9.2.2. Steel
A metallic alloy is referred to as steel, whose main component is iron. Furthermore, steel has a carbon content of up to 2 percent by weight. The general rule is: the higher the carbon content, the higher is the strength
and hardness of the material, but all the more less its deformability and weld properties. What is more, the
carbon content also influences the workability and deformability. In spite of the low corrosion resistance in
contrast to stainless steel or alternative materials, steel is widespread as a material due to its low price level
as well as its good process ability.
Stainless steel
Corrosion resistant steel, also called stainless steel, in the first instance designates a group of corrosionand acid-resistant steel grades. The high corrosion resistance of stainless steel is primarily due to the alloy
content of chromium, which in the presence of oxygen heavily oxidizes. In contrast to an iron oxide layer,
a chromium oxide layer results in a solid and impermeable protective layer. Stainless steel has therefore a
chromium content of at least 10.5 %. Further typical alloy components are molybdenum, nickel and nitrogen
which allows various crystal structures and thus also different properties. The chemical resistance of stainless steel is basically better than the one of steel and cast iron.
There is a wide range of different steel grades (nowadays more than 2,500), which result from a targeted
selection of additional alloy elements, the process parameters during production and special after-treatment methods. Designation of the various steel grades takes place via the material number according to
DIN 10027-2 in accordance with DIN EN 10020, wherefrom the composition of the stainless steel can be
recognized.
Material number
1.40

Cr steels with < 2.5 % Ni

without Mo, Nb and Ti

1.41

Cr steels with < 2.5 % Ni

with Mo, without Nb and Ti

1.43

Cr steels with > 2.5 % Ni

without Mo, Nb and Ti

1.44

Cr steels with > 2.5 % Ni

with Mo, without Nb and Ti

1.45

Cr-, CrNi- or CrNiMo steels with special additives (Cu, Nb, Ti, …)
Table 12 Composition of stainless steels by material number

Stainless steel can be divided by means of microstructures. A distinction is made between ferritic, martensitic, austenitic as well as ferritic-austenitic stainless steel.
Characteristics of a ferritic stainless steel are very good resistance against corrosion and stress corrosion
with average ductility. Ferritic steels have a chromium content of 11.0–13.0 % or approx. 17 % and a lower
carbon content of 0.2 %.
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Characteristics of a martensitic stainless steel are high strength and hardness with low corrosion resistance.
That is why they are mainly deployed for springs, shafts or cutting tools like knives or scissors. Martensitic
steels have a chromium content of 12.0–18.0 % and a carbon content of 0.2–1.0 %; therefore they can be
hardened and tempered by means of heat treatment.
Characteristics of an austenitic stainless steel are high corrosion resistance, high strength as well as very
good formability and good weldability. This steel grade is available in various compositions and, consequently, also with different characteristics. Austenitic steels have a nickel content of at least 8 %. On account of its
good characteristics, the austenitic stainless steel can be used for every type of pump component.
Features of a stainless duplex steel are high strength, high toughness, an excellent resistance against stress
corrosion as well as a generally very high corrosion resistance. Duplex steel is a special representative of the
stainless steel, because it shows a two-phase microstructure. It consists of a ferrite mixture with pockets of
austenite. Duplex steel is deployed when particularly high demands are made to the resistance.
9.2.3. Non-ferrous metals
Nickel based alloys
Nickel based alloys mainly consist of nickel. Since nickel is a noble metal in the electrochemical series of
the elements, it provides the alloy with high corrosion resistance. The addition of further alloy elements
like chromium, molybdenum, copper and other elements can further increase the oxidizing and corrosion
resistance, which extends the area of application of this material in the chemical process industry. To achieve
very good characteristics at high temperatures, alloys are made using elements like carbon, chromium, wolfram, titanium, aluminum, and niobium. Especially for high-temperature applications, there are the so-called
nickel-based superalloys which have a special composition. Moreover, apart from corrosion resistance and
high- or low-temperature strength, it is possible to generate special physical characteristics such as magnetic
properties from highly magnetic to non-magnetic.
Copper alloys
Copper is a material of medium strength which is well formable. The thermal as well as the electrical conductivity of copper is excellent. What is more, copper is characterized by good corrosion resistance. By means of
alloy additions, the properties of pure copper can be changed or improved. Common copper alloys include:
• Brass:

Copper alloy with up to 40 % zinc by weight

• Bronze:

Alloy with up to 60 % copper by weight, without zinc addition

• Copper-nickel:

Copper alloy with up to 30 % nickel by weight

• “Red brass“:

Copper-tin-zinc-lead alloy

All copper materials are non-resistant in alkaline fluids, ammonia and sulphides. Nevertheless, red brass,
bronze and particularly copper-nickel alloys – in contrast to non-alloy ferrous materials – have a good resistance against chloride-containing, aggressive fluids such as sea water. Due to the low price level, both what
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concerns acquisition and processing, brass is widespread in the industrial application. However, brass has less
strength than bronze and is prone to selective corrosion. In the pump industry, copper alloys are used as a
material for impellers, pump housings or also bearings, for example.

Figure 70 Impeller made of bronze

Aluminum materials
Aluminum is a light metal, the density of which is equivalent to only about one third of the density of
steel and which has good mechanical properties at the same time. Aluminum materials have a very good
machinability, castability, warm and cold formability. Furthermore, pure aluminum has a high electrical and
thermal conductivity. Basically, aluminum materials are said to be very corrosion-resistant, as the build up
a passivating oxide layer on the surface what makes them resistant against many aqueous fluids. However,
aluminum is non-resistant against low to high pH values as well as chloride-containing environments. Under
conditions of high flow velocity, it is therefore mostly technically unusable. In addition, aluminum is prone
to galvanic corrosion when it gets into contact with more precious metals or alloys, because it is a reactive
or base metal.
Titanium alloys
Titanium is a light metal which is known for its excellent characteristics. Like other metals, titanium also
forms a resistant oxidic protective layer which is responsible for very good corrosion resistance. Pure titanium has only medium hardness, but by means of few alloy additions a very high strength at a relatively
low density can be realized. Used as alloy elements are aluminum, vanadium, manganese, molybdenum,
palladium, copper, zirconium and tin. Using these additions, both mechanical properties and also chemical
resistance can be increased. Titanium is resistant against aggressive fluids like hydrochloric acid, thinned
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sulphuric acid, chloride-containing solutions, cold nitric acid, alkalis and a lot of organic acids. Titanium materials are particularly required in applications, where chemical resistance at simultaneous high strength and
low weight are decisive. Titanium alloys have therefore great significance in the space and aviation industry
as well as in medical technology. In the pump industry, in contrast, titanium is used very little because of
the very high price level.

9.3. Ceramic materials
Ceramic materials are inorganic and not metallic. Used in technical applications, ceramic materials are also
referred to as technical ceramics. First of all, bearings and sealing surfaces of mechanical seals are manufactured from ceramic materials. Common ceramics are, for example, aluminum oxides (Al2O2), silicon carbide
(SiC), tungsten carbide (WC), and silicon nitride (Si2N4).
The mechanical properties of technical ceramics are strongly linked to the manufacturing process. An influence has the preparation of the ceramic powder, the shaping and the firing. This results in the type and
frequency of faults such as shrink holes, pores or impurities in the finished part. Disadvantageous with
ceramic materials are proneness to brittle fractures, low deformability and their sensitivity to thermal shock.
Advantages of ceramics, however, are generally a high thermal stability and excellent features with regard to
strength, wear and corrosion resistance.

Figure 71 Ceramic sliding surfaces of a mechanical seal
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9.4. Plastics
Plastics, also called polymers, are of great significance particularly in the area of seals of pumps. Plastics are
mostly manufactured synthetically and can be distinguished by means of the molecular structure (Figure 72).
This structure is decisive for the material behavior of the plastics.
• Thermoplastics

linear polymer chains

• Thermosetting plastics

crosslinked polymers

• Elastomers

wide-meshed, cross-linked polymer chains
Hard elastic
state

Thermo-elastic
state

Thermal
decompositon

S.A.
Below room temperature

Room temperature

High temperature

Temperature

Elastomers
Hard elastic
state

Thermo-elastic
state

S.A.
Thermoplastics

D.A.

Room temperature or
low temperature

Plastic
state

F.H.

Thermal
decompositon

D.A.
High temperature

Temperature

Hard elastic
state

Thermal
decompositon

D.A.
Thermosetting
plastics

Room temperature or
low temperature

High temperature

Temperature
S.A. = Softening area, F.A. = Flow area, D.A. = Decomposition area

Figure 72 Molecular structures and states of plastics

9.4.1. Thermoplastics & thermosetting plastics
Thermoplastics consist of linear polymer chains and are meltable. Therefore, they can be plastically formed
from a certain temperature on and be used in their new shape after cooling. Thereby they differ from thermosetting plastics which from a certain temperature are irreversibly disintegrated.
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PTFE – Polytetrafluorethylene
PTFE is an unbranched, partly crystalline polymer of carbon and fluorine having unbranched, linear structure.
PTFE is characterized by almost universal chemical resistance, particular stiffness, very wide temperature application range as well as very low friction coefficient and correspondingly good slide characteristics. Moreover, PTFE has very low elasticity, which is why slit or jacketed versions are to prefer for an O-ring installation.
Disadvantageous with pure PTFE is the proneness for cold flow or creepage under pressure load. As pure PTFE
does not contain any extractable substances, it is physiologically harmless and thus particularly suitable for
the food and pharmaceutical industry.
Temperature range

-200 °C up to +260 °C

Good resistance

Almost any chemicals, acids, alkalis, alcohols, ketones, benzene and oils

Non-resistant

very strong reducing agents (e.g. solutions of alkali metals in liquid ammonia)
very strong oxidants (e.g. elemental fluorine with high temperatures)

Trade names

Teflon® (DuPont), Dyneon® (3M)

(depending on the type used)

Table 13 Characteristics of PTFE

9.4.2. Elastomers
Elastomers are wide-meshed, cross-linked polymers which have rubber-elastic characteristics in wide temperature ranges. These elastic characteristics of an elastomer are dependent of the crosslink density. Elastomers are used as sealing material. Due to the wide-ranging loads, to which elastomers are exposed in a
pump application, for example by fluids used, temperature or mechanical wear and tear, a suitable elastomer
material must be selected. Depending on these very operating conditions, a prediction of the lifetime of
elastomer seals is difficult.

Figure 73 Elastomers as material for O-rings
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The material descriptions listed in the following regarding temperature and resistance are considered as
non-binding guide guideline, because the values can deviate in the relevant application depending on the
respective operating conditions and raw material type used.
VMQ/MVQ – Vinyl-methyl-silicone-caoutchouc
Silicone rubbers (vinyl-methyl-silicone) are not pure organic compounds. Their silicone-polymer chain consists - contrary to carbon-polymer chains of normal elastomers - alternately of silicone and oxygen atoms.
Silicon-elastomers are often used in the food and pharmaceutical industry, because they neither release
smell nor flavor. They excel by an extreme temperature application range and excellent low temperature
flexibility. Because silicon-elastomers have relatively low tear strength, poor resistance to abrasion and a
high friction coefficient, they are not suitable for a dynamic application.
Temperature range

-60 °C up to +230 °C

Good resistance

Hot air, oxygen, ozone, aging, water, UV radiation, animal or vegetable
fats and oils, brake fluids

Non-resistant

aromatic mineral oils, low-molecular chlorinated and aromatic hydrocarbons (e.g. benzene and toluene), silicon oils and greases, fuels, exhaust
gases, vapour, acids and alkalis

Trade names

Silopren® (Bayer), Silastic® (Dow Corning SE), Blensil® (General Electric)

(depending on the type used)

Table 14 Characteristics of VMQ/MVQ

FVMQ – Fluorine-silicon-caoutchouc (or fluorine-vinyl-methyl-silicon-caoutchouc)
In contrast to VMW, FVMQ has apart from the methyl groups also trifluoropropyl groups. As a result, the
fluorine-silicon-caoutchouc shows better resistance, which particularly has an advantage for the usability
of mineral oil products. The good high-temperature and low-temperature resistance can be compared with
VMQ and covers a wider temperature range than FKM. Fluorine-silicon-caoutschouc, with has mechanical
properties that are comparable with VMQ, should primarily be used for static applications, because the tear
strength and wear behavior are insufficient.
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Temperature range

-75 °C up to +240 °C

Good resistance

Benzene, alcohol mixtures, aromatic and naphthenic oils, aromatic and
chlorinated hydrocarbons (e.g. benzene and toluene), oxygen, ozone, aging,
water, UV radiation, animal or vegetable fats and oils, brake fluids

Non-resistant

Vapour, acids, alkalis

Trade names

Silastic LS® (Dow Corning)

(depending on the type used)

Table 15 Characteristics of FVMQ

NBR – Nitrile-butadiene-rubber
Due to its high resistance against oil and petrol, NBR is an often used sealing material, which is, in addition,
very cost-effective and shows good mechanical properties. Mechanical properties of NBR include a good
resistance to abrasion and elasticity with a moderate strength at the same time. On account of its properties,
NBR is the standard material for applications in (oil) hydraulics and pneumatics. Essentially, the acrylonitrile
content (ACN), which with commercially used mixtures amounts to 18 to 50 per cent, is the decisive factor
for its properties. The lower the acrylonitrile content, the better the low-temperature flexibility and the
poorer the chemical resistance against mineral-based oils as well as hydrocarbon fuels.
Temperature range

-40 °C up to +120 °C

Good resistance

Mineral oils, greases, light heating oil, hydraulic oils, petrol and other aliphatic hydrocarbons, acids, alkalis, propane, butane, water up to approx. 80 °C

Non-resistant

Aromatic and chlorinated hydrocarbons, fuels with a high aromatic contents,
glycol-based brake fluids, flame-resistant hydraulic pressure fluids, benzene,
acetone, brake fluid, ozone, UV radiation, atmospheric influences

Trade names

Perbunan® (Bayer), Chemigum® (Goodyear), Europene N® (Enichem),
Nipol N® (Nippon Zeon)

(depending on the type used)

Table 16 Characteristics of NBR

HNBR – Hydrogenated nitrile butadiene rubber
HNBR is a further development of standard NBR aimed at achieving higher operating temperatures at constant oil resistance. These characteristics are achieved due to complete or partial hydrogenation of NBR.
Moreover, by means of hydrogenation of the NBR, besides improved temperature resistance, also a higher
strength, oxidation and vapor resistance is established. HNBR has slightly better mechanical properties than
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NBR. An improved abrasion resistance enables HNBR to withstand high dynamic loads. Due to hydrogenation, HNBR lacks double bonds in contrast to NBR so that HNBR is clearly more inert.
Temperature range

-40 °C up to +160 °C

Good resistance

Mineral oils, ozone, additive-containing technical oils, oxidized fuels and
lubricating oil, mineral-based hydraulic fluids, animal or vegetable fats, diesel fuels, sour gas, aliphatic hydrocarbons, thinned acids and alkalis, water,
vapor, weather condition

Non-resistant

Chlorinated hydrocarbons, solvents, concentrated acids/alkalis

Trade names

Therban® (Bayer), Zetpol® (Nippon Zeon)

(depending on the type used)

Table 17 Characteristics of HNBR

EPDM – Ethylene propylene diene monomer rubber
EPDM is particularly used for water, hot water and vapor applications, because there is an excellent resistance as well as the required thermal operating range for this. EPDM materials can be divided into sulphur
cross-linked and peroxide cross-linked types. The peroxide cross-linked EPDM elastomers can take higher
thermal load and have a significantly lower compression set.
Temperature range

-45 °C up to +135 °C (sulphur cross-linked)
-50 °C up to +150 °C (peroxide cross-linked)

Good resistance

Water, hot water, vapor, organic and inorganic acids and bases, highly polar
substances such as methanol and acetone, oxidizing agents, ozone, influence
of the weather, thermal ageing, mild acidic or oxygenated solvents, ketones,
alcohols, silicon oils and greases

Non-resistant

Any type of mineral oil products (lubricants, fuels), natural gas, fats, ether,
aliphatic, aromatic and chlorinated hydrocarbons, linoleic acid, hexane, gasoil,
Freon 112

Trade names

Nordel® (DuPont), Buna EP® (Bayer), Keltan® (DSM), Dutral® (Enichem),
Vistalon® – (Exxon)

(depending on the type
used)

Table 18 Characteristics of EPDM

FKM (previously FPM) – Fluorinated rubber
Fluorinated rubbers are highly fluorinated polymers based on carbon which comprise a large rubber series.
On account of the many good characteristics of FKM – high mechanical values, very high temperature resis-
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tance, very low permeability to gas, good resistance to ageing, very good compression set as well as extensive chemical resistance – it differentiates from conventional synthetic rubbers and is often understood as a
universal material in the industry. Usually, the higher the fluorine content, the higher the chemical resistance
and the poorer the low-temperature properties.
Temperature range

-25 °C up to +220 °C

Good resistance

Mineral oils, vegetable and animal fats, aliphatic, aromatic and chlorinated hydrocarbons, benzene, diesel fuels, concentrated and thinned acids,
weak alkalis, non-polar agents, silicon oils and lubricants, aging, ozone

Non-resistant

Brake fluids, highly polar hydrocarbons, acetone, potassium hydroxide,
formic acid, acetic acid, chlorobenzene, glycol, ketones, amines, water
vapor, strong alkalis

Trade names

Viton® (DuPont), Fluorel® (3M Company), Tecnoflon® (Montecatini)

(depending on the type used)

Table 19 Characteristics of FKM

FEPM - Tetrafluoroethylene-propylene-copolymer-rubber
FEPM is a modified fluorinated rubber consisting of tetrafluoroethylene and propylene with a fluorine content of approx. 54 %. FEPM has an excellent chemical resistance which even exceeds the one of a conventional fluorine rubber at similar heat resistance and low-temperature flexibility. The resistance to chemicals
of FEPM, as compared to mineral oil products, vapor and phosphate ester, has to be especially highlighted.
Temperature range

-20 °C up to +200 °C

Good resistance

Hot water, vapor, acids, alkalis, ammonia, bleaching agents, mineral oil,
heat transfer oils, alloyed motor and gear oils, brake fluids (based on
glycol, mineral oil and silicone oil), amines, fluids with amine-based additives and corrosion inhibitors, oxidized fluids

Non-resistant

Aromatic hydrocarbons, fuels

Trade names

Aflas® (3M), Viton® Extreme (DuPont)

(depending on the type used)

Table 20 Characteristics of FEPM

FFKM – Perfluorinated rubber
Perfluorinated rubber is a fully fluorinated elastomer. The chemical as well as thermal resistance is similarly
good as the ones of PTFE. Since this material is extremely resistant also with changing fluids and combines
the positive characteristics of PTFE with the elastic behavior of FKM, there is often no alternative. The rela-
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tive chemical inertia is achieved by the fluorine-carbon bonds on the polymer chains. Usually, the higher the
fluorine content, the higher chemical resistance. FKMs have a fluorine content of 63 % to 67 %, whereas
FFKM contains a fluorine content of 73 %.
Disadvantageous are the bad workability, the extremely high price and the limited usability at low temperatures. Due to the immensely high price level, FFKM is only then used when no other material comes into
question and the safety requirements justify the high costs
Temperature range

-20 °C up to +325 °C

Good resistance

Almost all chemicals, hot water, vapour, hot amines, oxygen, ozone,
weather condition, ageing

Non-resistant

Fluoride compounds, (e.g. Freon 11,12,13,113,114), liquid oxygen,
dichloroacetic acid

Trade names

Kalrez® (DuPont), Parofluor® (Parker)

(depending on the type used)

Table 21 Characteristics of FFKM

9.5. Corrosion
According to ISO 8044, corrosion is referred to as the reaction of metallic material with its environment
which causes a measurable change of the material. Corrosion represents a problem in pump applications
which, above all, can be tackled by means of the correct material selection. This is, above all, also therefore of
significance, because corrosion can favor other wear types such as fatigue, abrasion and cavitation damages.
9.5.1. Corrosion mechanisms
Various corrosion mechanisms which are based on reactions between metal, conveyed fluid, oxygen and
chemical agents, evoke different types of corrosion.
Electro-chemical corrosion takes place in two steps. The metal is oxidized by giving up electrons to the
electrolyte solution, in which subsequently takes place a reduction. With it, a distinction is made between
acid corrosion, where hydrogen ions are reduced to molecular hydrogen, and oxygen corrosion, where oxygen
acts as an oxidant. From this anodic and cathodic partial step, metallic oxides and metal hydroxides emerge
as a reaction product.
Physical corrosion designates diffusion process along the grain boundaries within the material. In particular,
the metal-physical corrosion means the absorption of hydrogen within the material at low temperatures.
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Chemical corrosion results if the reaction partners collide directly with each other, whereby the presence of
an electrolyte solution is not presupposed.
Bacterial corrosion is caused by micro-organisms.
Erosion corrosion designates simultaneous occurrence of erosion and corrosion.
Galvanic corrosion, also called bimetallic corrosion, is an electro-chemical corrosion. It occurs when two
metallic materials of different corrosion resistance are combined in direct contact or by an aqueous corrosive
fluid. It occurs a kind of short-circuit current, where, consequently, the less noble material is destroyed due
to erosion.
9.5.2. Types of corrosion
Corrosion can occur in a number of different ways:
Surface corrosion designates an even erosion of metal and depends on the content of oxidizing agents such
as acid and oxygen. Also a high flow velocity and a high degree of turbulence can favor surface corrosion,
because the substance transport of chemical agents is enforced.
Shallow pit corrosion effects the occurrence of unevenly distributed hollows due to dissolution of the
metal surface.
Pitting corrosion poses local material dissolution as a result of the discharge of metal ions to inhomogeneity
of the material and the thereby effected occurrence of craters.
Crevice corrosion emerges in non-perfused crevices such as seals, threads and housing inserts, because
corrosive chemical agents accumulate here.
Galvanic corrosion/contact corrosion occurs on connected, conductive metals with different chemical potentials which are simultaneously in contact with the same corrosive conveyed fluid - the electrolytes. In the
process, the less noble metal is attacked more strongly than the nobler one. That is why the surface area of
the less noble material should always be designed to be larger than the nobler material. For example, the
material of the impeller should always be nobler than the one of the housing.
Intergranular and transgranular corrosion occur at the grain boundaries and between the crystals, above all
as a result of tensile stress as mechanical load. A trigger can be, for example, pitting corrosion in crevices.
Corrosion fatigue cracking decrease the fatigue resistance of the material in the notch impact and leads to a
reduced vibration resistance of the material.
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Selective corrosion dissolves the less noble phase with two- or multi-phase alloys out of the material. This
can happen, for example, on the slide rings of mechanical seals. A special form of selective corrosion is the
spongiosis. This is a selective disruption of cast iron, where the iron-rich phases of the microstructure corrode. As ferrite and perlite are less noble than the embedded graphite, they form the anode and are dissolved.
In the spaces of the graphite network occurring in this way, a porous mass forms as a corrosion point, the
so-called iron sponge. Already little contents of acids and chlorides support this long-term damage of the
material. Due to the spherical shape with cast iron with spheroidal graphite, this is not that vulnerable as
cast iron with lamellae graphite, where corrosion can spread out via the graphite lamellae in the workpiece.
Subsequently, the workpiece retains its shape, but drastically loses in strength and is not mechanically resistant any more.
Fretting corrosion occurs, for example, due to micro-movements in seats.
9.5.3. Influence of the conveyed fluid
Various parameters of the conveyed fluid influence its corrosive effect on the materials. The following parameters which are valid for water are dealt with as an example:
Oxygen content
Generally, it can be said that with rising oxygen content, an increase of corrosion also takes place. However, a
minimum of conveyed fluid must be available which allows building up a passive protective layer.
Temperature
A rise in temperature generally affects an increase of the corrosion rate.
pH value
Weak (4 ≤ pH ≤ 6) and strongly acidic (pH ≤ 3) reacting water is to be classified as strongly corrosive and
requires a suitable material selection, whereas neutral water (pH = 7) as well as weakly (8 ≤ pH ≤ 10) and
strongly alkaline (pH ≥ 11) reactive water is less aggressive.
Water hardness
In order to effect the development of a protective layer on the material, the water must show a certain
amount of hardness. Soft water is often highly corrosive.
Carbon dioxide
With carbonic acid contained in water a distinction is made between bound and free carbonic acid. While the
bound carbonic acid is corrosion-ineffective, a part of the free carbonic acid is strongly aggressive. This is the
proportion which does not serve to keep the lime-carbonic acid balance. It is referred to as being excessive.
Chlorides
Chlorides have a strongly corrosive effect, particularly with soft water.

128

Materials and corrosion behavior

Sulphates
When using some unalloyed steels, sulphates cause strong corrosion.
Sulphides
Both groups have a strongly aggressive effect.
Ammonia
Ammonia can effect stress cracks and surface corrosion, but does not cause any corrosive effect on unalloyed
steels.
Flow velocity
Increased flow velocity favors the occurrence of corrosion due to enforced exchange of substances.
Inhibitors
Inhibitors like phosphates, silicic acid and aluminum compounds, promote the development of protective
layers against corrosion.
9.5.4. Protection mechanisms
In order to keep the damage of materials due to corrosion low, there exist several possibilities. Initially, it
can be taken into consideration that the material itself develops a protective layer. This process is called
passivation and designates the addition of an oxide layer to the material surface area, which avoids further
oxidation. Other corrosion products, too, can develop well-adhesive layers for the protection of the material.
Active measures for corrosion protection include:
Influence on the reactants
If possible, a slightly corrosive conveyed fluid should be used or the corrosive characteristic be reduced by
changing the pH value. Also the addition of inhibitors can provide remedy, because they have a positive
effect on the development of the protective layer. At the same time, the material used should be adjusted to
the corrosive properties of the conveyed fluid. This can include switching to materials like polymer, ceramics
or metal alloys.
Separation of the reactants
By using different protective layers, the reactants can be separated from each other and thus corrosion
be avoided.
Electrochemical measures
Electrochemical measures include the cathodic and the anodic corrosion protection.
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9.6. Surface protection by means of coatings
For pumps, machine parts and pipelines, there exists a high risk of wear and tear and corrosion. With the
supply of aggressive and abrasive fluids, the part surfaces are directly attacked. As a result of erosion-,
cavitation- and corrosion damages, it can come to a reduced efficiency and material destruction. This results
in reduced operating times as well as downtimes, which can lead to production interruptions in case of
non-existing redundancy, which can in many cases can be averted by means of a surface coating. Coatings
can protect against wear and tear and corrosion or also friction losses.
In spite of the nowadays available, highly-developed materials with very good wear as well as running characteristics, surface area treatments for the protection of mechanical attacks and other external influences
are very important under economic aspects. With the corresponding surface area protection, which creates
a barrier between the base material and the environment, the use of cost-effective, conventional instead
of expensive special materials can be partly achieved. Important factors, which should be observed when
selecting a coating, include:
• Characteristics of material attack (corrosion, cavitation, erosion or abrasion)
• Duration of the material attack (e.g. only transport/storage or continuous stress)
• Dangers of secondary damages
• Kind of application area (e.g. drinking water)
• Economic aspects (e.g. multiple coating)
• UV irradiation (e.g. sunlight in case of outdoor installation)
9.6.1. Metallic coatings
Normally, metallic layers like zinc, aluminum, tin or lead are applied to high-alloyed steel or low-alloyed, not
corrosion-resistant steels in order to protect the surface area of a workpiece against corrosion. To increase
the wear resistance of sensitive surfaces, hard alloys based on Cr, Co, Ni or several Si binding alloys are
suitable. The position of the metal coating in the electrochemical series of the elements towards the base
metal determines the protective effect. If, due to imperfections of the coating, which arose due to pores or
damages, the base metal is not completely covered, corrosion will set in case of an electrolyte being present.
In this case, the less noble metal is affected first and dissolved.
9.6.2. Organic coatings
Organic coatings (“paint”, “lacquer”, “painting”) contain organic compounds, that is carbon bonds, in which at
least one carbon atom is linked to an atom of another type, which are available in most different types. There
are various possibilities to apply organic surface area coatings to a base material. Examples for this include
spraying on, immersing, painting, lining or electrophoretic deposition. Some coatings must be subjected to
heat treatment in order to provide the surface layer with a hardness required for the application.
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Polyurethane, polyamide, polypropylene, PVDF, PTFE are examples for thermo-plastic coating materials
which are used to transfer their good chemical resistance on the surface of a base material.
9.6.3. Inorganic coatings
Enamelling
Enamel is a firmly adherent, inorganic-oxidic coating, which is applied to metal or glass in one or several
layers. Depending on application and procedure, components of enamel include different concentrations of
quartz, feldspar, soda, borax, adhesive oxides, fluorspar, oxidizing agents, cryolite and opacifiers. A workpiece coated with an enamelling is protected against corrosion, oxidation and wear with an effect on the
surface. Moreover, the slide characteristics as well as the insulation capacity are optimized and the part’s
resistance against heat, acid and alkali is improved.
Conversion coatings
A conversion layer is a non-metallic, very thin layer, which is produced on the base metal by means of a
controlled corrosion reaction in an oxidizing solution. Such layers form a good basis for the adherence to
subsequent coatings like varnishes and significantly increase the corrosion resistance of the base material.
Conversion coatings as pre-treatment for a better adhesion of varnishes are produced using the processes of
chromizing and phosphatizing. For aluminum, the anodizing process is used to generate a conversion layer
which serves as surface area protection.
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10. Ecological and economical sustainability
Due to the growing awareness in society about finite resources, climate change and the responsibility for
future generations, sustainable actions in all areas of life are taking more and more a center stage. In the
process, also producing companies bear a responsibility regarding these aspects. Sustainability is described
by means of the three pillars of ecology, economy and social issues (see Figure 74). When designing, selecting and operating pump systems, particularly economic and ecological aspects play a role, apart from
fulfilling the actual conveying task. In times of climate change and awareness of the finite nature of certain
resources, energy and material efficiency become more important and are increasingly demanded by the
legislators. Technical advances therefore target also in particular the development of system components
with higher efficiencies and optimized material versions. At the same time, decisions are also always made
under economic criteria.

Social

Economical

Ecological

Sustainable

Figure 74 Three-pillar principle of sustainability

10.1. Energy efficiency
Energy efficiency as a significant influencing factor takes center stage with regard to measures which were
concluded by the European Parliament and the Council of the European Union within the bounds of the
Directive on Energy and Efficiency 2012/27/EU in order to “master the unprecedented challenges which are
due to the increased dependency on energy imports, scarce energy resources as well as the requirement to
combat climate change […].” Moreover, in the “‚Europe 2020 Strategy” of the European Commission, energy
efficiency is linked to “intelligent, sustainable and integrative growth”. With it, it is specified to increase energy efficiency within the European Union by 20 % until 2020, based on the level of 1990. This objective shall
be achieved, among other things, by the fact that requirements for an environmentally compatible design of
relevant energy-consuming products were specified in the above stated energy efficiency directive. Pumps
also rank among those products.
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Apart from fulfilling the stated climate protection targets, the use of energy-efficient pumps makes it possible to exploit enormous financial savings opportunities in the private and commercial sector. The campaign
“Energy-efficient Systems in Industry and Trade” of the German Energy Agency and the professional association “Pumps and Systems” of the VDMA (Association of German Machinery and Equipment Constructors)
estimates the energy costs of an aquiferous pump system to be 40 % to over 80 % of the life cycle costs. As
more than 10 % of the worldwide electrical energy consumption is attributed to pump systems, it becomes
clear what cost reduction comes along with the use of efficient pumps.
In the following, the relevant standards and provisions on energy efficiency of pumps are described. The economic influence of energy efficiency is explained in more detail by means of the life cycle costs in Section 10.3.
10.1.1. Legal requirements on the energy efficiency of pumps
The regulations for pump systems and their components, listed in Table 22, were derived from the generally-worded Energy Efficiency Directive 2012/27/EU.
Guideline for energy efficiency

2012/27/EU

Environmentally compatible design of electric motors

(EG) 640/2009

Environmentally compatible design of high-efficiency circulating pumps

(EG) 641/2009

Environmentally compatible design of centrifugal pumps and pumps of
clean water

(EG) 547/2017
DIN EN 16480

Wastewater pumps and pumps for liquids with high solids content

Pretest finished

Methods for the qualification and verification of the energy efficiency
index for centrifugal pumps

DIN EN 17038 (draft)

Energetic assessment of pump systems

DIN EN 14414

Table 22 Standards and regulations in relation to the energy efficiency of pumps and electric motors

Water pumps
In the EU Regulation 547/2012 (German version DIN EN 16480), mandatory minimum requirements are
set to the energy efficiency for standardized water pumps in relation to the Directive 2012/27/EU. These
requirements are based on scientific analyses of the achievable efficiency of water pumps as well as on a
statistical evaluation of data from various questionnaires which were sent to European pump manufacturers
in 2007. That resulted in a “status quo”.
Since January 2015, a minimum efficiency index (MEI) of ≥ 0.4 is required. The MEI is a comparative value for
the efficiency of pumps of different design sizes and types on the market. What is decisive here is both the
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operation in partial load and overload and in the best efficiency point. Multiplied by 100 %, the MEI states
what percentage of pumps on the market for comparable conveying tasks, referring to the status quo, have
a poorer efficiency. The greater the MEI value, the better the efficiency of the pump. With an MEI value of
≥ 0.7, standardized water pumps all into the category “best available technology”.

MEI ≥ 0,7
„benchmark“
MEI ≥ 0,4
1st January 2015
MEI ≥ 0,1
1st January 2013

No
requirements
Water pumps

Figure 75 Required efficiency classes for water pumps (DIN EN 16480)

High-efficiency circulating pumps
For high-efficiency circulating pumps, the EU Regulation 641/2012 is applicable, in which an allowable energy efficiency index (EEI) is defined. The EEI indicates how high the power input of a pump is, measured on
the selected reference level. According to the regulation, heating circulation pumps must not exceed a value
of 0.23 from 2015 on. As a result, the allowable power input of a heating circulation pump is limited to less
than 23 per cent of the power input of the reference pump.
Further regulations
For wastewater pumps and pumps for liquids with high solids contents, an energy efficiency regulation is
envisaged. A pretest for this has been completed and a draft standard is expected. By means of the draft
standard DIN EN 17038, an energy efficiency index for the entire pump unit (=pump and drive motor) will be
defined. An energetic assessment of pump systems can be carried out by means of ISO 14414.
10.1.2. Pump audit
For project planning of pump systems, a systematic pump audit is helpful in order to benefit from ecological
and economic advantages due to an increase in energy efficiency both with new systems and with retro-
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fitting. In the following, the steps of the pump audit are described in summary in order to be able to make a
selection of the right pump system.

System analysis
Selection of suitable pump type
yes
Pump system to be reengineered?
no
Selection of an energy efficient pump
Selection of an energy efficient drive
yes
Determined point of operation?
no
yes
Adjusted but determined point of operation?
Pump adjustment
no
Self-controlled pump with frequency
Uncontrolled pump
converter or flat characteristic curve
Use of suitable monitoring devices
Figure 76 Sequence of an audit

At the beginning of the pump audit for an existing system or a system to be planned, the entire system and
the desired application are analyzed. Based on the identified characteristic values of head, flow rate and
speed, the suitable pump type can then be selected by means of characteristic curves and characteristic
diagrams. A too generous pump design leads to higher acquisition costs and has a negative effect on energy
consumption, because the pump does not operate on its design or best efficiency point. Normally, when
designing a pump, it is calculated using large “safety margins”, leading to the described oversizing and that
the pump is running in overload operation. An adjustment to the required power by means of throttle valves
or bypass lines enforces the energy losses. For example, a throttle-controlled pump system still requires
90 % of the electrical nominal power, although only 60 % of the nominal flow rate is supplied.
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For the selected pump type, an energy-efficient pump as well as an energy-efficient drive should then be selected. To do so, the efficiency indices MEI for the pump and IE for electric motors stated in the Sections 10.1.1
and 7.3.3 can be consulted. An inappropriate motor selection leads either to non-fulfilment of the conveying
task or to unnecessary energy consumptions which result in higher running costs.
A minimization of the energy costs of the pump can be achieved by not only matching the pump design and
the pump size with the process requirements, but also with the control manner. The control of the pump
which was designed for a particular operating point (“best efficiency point”) is thus a further aspect within
the pump audit. In the design or best efficiency point, a pump provides a particular flow rate against a certain
pressure and achieves its highest efficiency in the process. Normally, the conveying task (Chapter 2) requires
varying operating situations, however. If a fixed operating point exists for the application, an uncontrolled
pump can be used. If the operating point has shifted within an existing pump system, the pump system
must be adjusted accordingly. Furthermore, if additionally the operation is subject to fluctuations and there
does not exist a permanently valid operating point, a self-controlled pump with a frequency converter or a
flat characteristic curve should be deployed. This way, the losses are kept as low as possible. The possible
variants for the control of pumps were explained in Section 4.1.
For the optimization of the energy efficiency, the entire system has to be always considered. The following
consideration for this: A pump shall supply less flow rate than originally assumed. If, however, the pump
continues to run with the design output, the entire system is inefficient, although the pump, viewed in isolation, is operating in an efficient operating point. Due to an optimized pump control, significant shares of
the energy consumption of systems can be saved.
10.1.3. Retrofitting
A large number of existing pump systems has a high savings potential. Due to the continuous technical
progress, encouraged by the rising awareness of energy efficiency, many system components are, after a
certain time, available with higher efficiencies than with the original equipment. Due to the deterioration
of efficiencies as a result of corrosion and deposition on older pumps, motors and piping components, an
analysis and revision of the systems are required at certain points in time, anyway.
Modernization or replacement of existing systems and operating materials is referred to as retrofit. The
objectives of a retrofit are, among other things:
• Extension of the lifetime
• Increase of the production volume
• Increase of the product quality
• Achieving higher energy (and material) efficiency
• Fulfilment of legal requirements
• Ensuring spare parts supply
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For most of the existing systems, a retrofit is a very reasonable alternative to replacement or new building.
Due to retrofitting, existing systems can be updated by replacing outdated components with new, up-todate and technologically further developed ones. Retrofitting can also include the upgrade of automation
technology and the use of frequency converters for an efficiency enhancement of electrical drives as well as
possible refits to more wear-resistant materials. As the stable basic substance of a system is preserved in
case of a modernization, the costs for modernizing the system lie in a significantly lower framework than
with a new acquisition of a corresponding system.
With a modernization project, a holistic approach has to be carried out again, as with a new design of the
system, in order to achieve the highest energy saving effects. Instead of only considering individual system
components in isolation, a complete system analysis should be striven for so that the interplay of all components of a pump system, to which frequency converters, electric motor, gear, pump, piping as well as measuring and control systems belong, can be evaluated. Moreover, a precise analysis of the system is important
in terms of requirements parameters, operating parameters and system components in order to be able to
develop measures for energetic optimization individually for a pump system and to economically evaluate it.

10.2. Material efficiency
The scarcity of natural resources and the greater public awareness of environmental issues leads to the fact
that both in production and also in the later operation of pump systems, attention is also paid to a sustainable use of material, apart from energy efficiency. This means that the output for the used material costs
shall be maximized or the used material costs shall be minimized at a constant output. Together with the
energy efficiency, the material efficiency is also referred as resource efficiency.
The decrease of the amount of materials is not always sufficient, however. The type of material is also of
significance. In the process, it is not only necessary to consider the final product, but to holistically include
raw material extraction, processing and further processing, that means the entire value added chain.
As optimization measures in production, the following examples have to be stated with regard to material
efficiency:
• Reduction of resource losses due to improvement or assuring quality (reduction of reject rates)
• Optimization of the production processes, e.g. by the reduction of waste
• Optimization of the design, resource-saving product design, e.g. by means of lightweight design
• Increase in material recycling
• Increase of utilization of devices, systems and (special) machines
• Optimization of the use phase of products in order to enable longer utilization cycles

Ecological and economical sustainability

137

The European Union is also dealing with the conservation of resources. In December 2015, the convened
Commission Committee has placed the standardization order to the European standardization organizations
CEN and CENELEC. The objective of the Commission is to create standards with regard to the environmentally-compatible design and material efficiency of energy-related products. The basis for the standardization
order is the Directive 2009/125/EC of the European Parliament and of the Council (“Ecodesign Directive”).

10.3. Life cycle costs
For an economic evaluation of a planned investment into a pump, the various cost sources of a pump system
must be considered over its entire lifetime. In this Chapter, all the relevant cost categories, from acquisition
to operation to disposal of the pump, are considered.
The Hydraulic Institute of Europump and the US Department of Energy have developed the program called
“Pump Life Cycle Costs”. The objective of this program is the reduction of wastage to a minimum degree and
the increase of energy efficiency. The calculation of life cycle costs serves as a decision making support of
whether a system is redesigned or the existing system is repaired. The following cost elements occur during
the life cycle of pumps:
 =  +  +  +  +  +  +  + 

Cic

Acquisition costs (initials costs)

Cin

Installation and commissioning costs

Ce

Energy costs

Co

Operating costs

Cm

Maintenance and repair costs

Cs

Downtime and loss of production costs

Cenv

Environmental costs

Cd

Decommissioning and disposal costs

Equation (10.1)

A ubiquitous problem is that when acquiring pumps, the acquisition costs are paramount as a decision criterion, although they only amount to a small part of the total costs in the life cycle. This is also due to the fact
that the competencies for the evaluation of the acquisition costs and the consideration of the complete life
cycle costs (short: LCC) of a pump mostly fall within different responsibilities. An analysis of the complete
life cycle costs should serve as the basis of an investment decision. By means of an LCC consideration, it
generally turns out the energy costs occupy between 40–80 % of the total costs. The second largest item accounts in most cases for the area of maintenance and repair of the pump. Finally, the acquisition costs make
up a smaller part of the life cycle costs so that the energy costs should act as decision-making parameter.
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For a quick return on investment as well as for ongoing savings during the entire lifetime of the system, low
operating costs and a machine-protecting operation are necessary.

35 %
Maintanance costs

10 %
Other costs

10 %
Acquisition costs

45 %
Energy costs

Figure 77 Exemplary distribution of the life cycle costs of a pump

In addition to the direct costs of the operation of the pump, indirect costs can also arise, once the pump
cannot fulfil its conveying task any more or thus is to blame for production losses. Aspects of safety and
reliability of the system significantly determine the availability.
Acquisition costs
The acquisition cost Cic includes all devices and accessory parts belonging to the pump system, which are
necessary for the operation of the system. This includes the pump itself, the required motor, frequency converter, control equipment, but also auxiliary equipment of the pump for cooling and flushing.
High-quality parts are mostly more cost-intensive than parts with a lower quality. Due to positive effects
on the other components of the life cycle costs, the selection of parts which are more expensive in terms of
acquisition can be justified in many cases.
Installation and commissioning costs
The installation and commissioning costs Cin comprise the following cost items:
• Installation of the pumps
• Design and preparation
• Connection to electrical lines and control devices
• Piping connections
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• Installation and connection of the pump
• Performance test
• Staff training
• Commissioning
Energy costs
Around 20 % of the worldwide energy consumption goes back to the operation of pump systems alone.
Energy costs account for the largest part of the life cycle costs. The following factors essentially influence the
energy consumption and thus the energy costs Ce:
• Pump design (oversizing)
• Load profile
• Pump efficiency
• Motor efficiency and efficiency factor
• Energy price
• Control procedure
• Other system parts
Severe cost saving of energy costs can often take place by using efficient speed-controlling pumps.
Operating costs
The operating costs CO comprise personnel and other costs for system monitoring in the business. They can
vary depending on the relevant complexity and kind of the system. For a hazardous fluids pump, which is
not integrated in a process control system, daily checks through specialized staff with regard to emissions
and operating behavior (oil level, temperature, noise, vibrations) can be necessary. On the other hand, a fully
automated system causes only seldom little operating costs. State-of-the-art pump systems are mostly
connected to a data network via various monitoring devices so that only low operating costs incur.
Maintenance and repair costs
The maintenance and repair costs Cm comprise, for example, costs for wages, spare parts, transport and cleaning. Technical as well as administrative measures are required to maintain the functional state of pumps
and pump systems. Under the common term of maintenance, the combination of all measures is understood, while the terms service, inspection, repair and optimization describe working processes that have to
be delineated from one another. A system maintenance strategy is worthwhile for every machinery pool in
order to optimize maintenance and repair costs.
In the framework of a planned repair, wear parts are replaced and possibly expensive consequential damages
avoided on other system parts or the pump concerned. In order to obtain a long lifetime as possible and to
avoid pump failures, the execution of preventive maintenance (preventive repair, inspections) is recommen-
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ded. The number of repairs in a period can only be statistically estimated on account of experience values.
The frequency of maintenance as well as the qualification of the maintenance staff finally has an influence
on the pump reliability. Unfavorable operating conditions or the wrong installation of a pump can cause
significant additional costs in the business. The influence on the energetic efficiency is serious and requires
moreover an accelerated wear of the pump components.
Downtime and loss of production costs
The Downtime and loss of production costs Cs can be estimated only individually. Due to disruption to operational sequences and possible reject batches, however, very high costs incur. These exceed in many cases
the acquisition cost of the failed pump. If an installed standby pump is available, no downtime and loss of
production costs occur, but the investment costs will increase.
Environmental costs
The environmental costs Cenc are also referred to as environmental protection costs. These costs include the
disposal of parts and contaminations which arise due to the conveyed fluid. The share of the environmental
costs in the life cycle costs of a pump system is small.
Decommissioning and disposal costs
At the end of the lifetime of a pump, there incur costs for the final decommissioning of the pump and of
all auxiliary equipment, including a possible dismantling of the environment. If, during decommissioning,
the pump is still in a good state and can be sold, the costs can be negative, that is revenues would occur.
Depending on the relevant manufacturer and product, the decommissioning and disposal costs Cd vary only
slightly so that these costs can be neglected when considering the life cycle costs.
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11. Calculation Examples
11.1. Example 1: Hydraulic design of a centrifugal pump
11.1.1. Determination of the conveying task
In a fictive pump system at sea level (Figure 78), the open tank 1 shall be emptied with a flow rate of
30 m³/h and the also open tank 2 shall be filled. Between tank 1 and the pump, there are the shut-off valve,
a 90° pipe bend and 10 m long piping of nominal width DN80 (internal diameter 80.8 mm). Between the
pump and the tank 2 to be filled, there is also a shut-off valve. In addition, there are 90° pipe bends and
a 40-m long piping of nominal width DN65 (internal diameter 68.8 mm). The conveyed fluid is pure water
at 20°C with a density of 1kg/m³ and a vapor pressure of 0.0234 bar. The ambient pressure is 1.01325 bar.
Tank 1 is set up 4.5 m higher than the pump inlet. Tank 2 is located at a height of 29 m. The flow velocity in
the tanks can be neglected.

Tank 2
z II

Tank 1
zI

Pump

Suction line

Pressure line

Figure 78 Calculation example of a pump system

To determine the required head of a pump to be selected, the pressure head losses of the individual piping
components have to be determined first.
The flow velocities in the suction line as well as in the pressure line at a volume flow rate of 30m³/h and the
cross-sectional areas of the pipes, amount according to their nominal width
=
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→  = 1.63
;  = 2.24




The loss of head for the individual fittings (pipe bends and shut-off valves) are calculated using the corresponding pressure loss coefficient and the flow velocity
, =   ∙


2

The pipe friction losses in the pipelines are calculated from the pipe geometry, the pipe coefficient of friction
and the flow velocity. The Annex 1 can be used for the determination. This results in pressure head losses in
the suction and pressure line, listed in Table 23.
Pressure head loss suction line HV,S
1x pipe bend DN80

ζ = 0,24

0,0325 m

1 x shut-off valve DN80

ζ = 0,24

0,0514 m

10 m piping DN80

4 m/100 m

0,4 m
0,484 m

Pressure head losses of the pressure line HV,D
3 x pipe bend DN65

ζ = 0,25

3 x 0,064 m

1 x shut-off valve DN65

ζ = 0,63

0,161 m

12 m/100 m

4,8 m

40 m piping DN65

5,153 m
Table 23 Exemplary determination of head losses

  = , + , = 0.4839 + 5.135 ≈ 5.64

The required head of the system is generally calculated from
 =  −  +

, − ,  − 
+
+  
2
∙

As no pressure difference as well as velocity difference between tank 1 and tank 2 is present, the required head
results from the sum of the geodetic height as well as the height losses in the suction line and pressure line
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 =  −  +   = 29 − 4.5 + 5.64 = 30.14

In addition, the NPSHA value of the system has to be determined. While doing so, the suction line is viewed.
 =
 =

, −  
+
+  − ,
∙
2

101325  − 2340 
+ 4.5 − 0.484


1000  ∙ 9.81 



 = 10.1 + 4.5 − 0.484 = 14.12

Taking account of the now completely knows conveying task, a suitable pump has to be selected in the
next step.
11.1.2. Selection of a pump by means of pump characteristic curves
Summary of the conveying task:
• Flow rate

= 30 m³/h

• required head

= 30.14 m

• NPSHA

= 14.12 m

• Conveyed fluid

= water, 20 °C

These values are decisive for the selection of the optimal pump by means of characteristic curves.
In the characteristic curve of pumps, the previously determined operating point (30 m³/h volume flow rate
at 30.14 m head) can be marked. For a suitable pump selection, the operating point should now be very near
to or ideally on a pump characteristic curve. In this example, the operating point matches with the pump
characteristic curve of an example pump, the throttling curve of which is portrayed in Figure 79.
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Figure 79 H/Q characteristic curve of an example pump

To verify whether a pump is actually suitable for the set conveying task, the NPSHR value of the pump must
be smaller than the available NPSHA value. In the stated operating point, the example pump has an NPSHR
value 3.56 m (plus a safety margin of 0.5 m) (Figure 80). This value is clearly below the NPSHA value of
14.12m which exists on the system side. Accordingly, there is no danger of cavitation.
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Figure 80 NPSH characteristic curve of an example pump

In the performance characteristic curve (Figure 81), the required motor power can be read. In the operating
point, the power input of the pump amount to 3.52 kW. Due to volume and pressure fluctuations within the
system, it has to be reckoned with fluctuations of the operating point so that also the pump power input
can rise. Therefore, safety margins are taken into account. The next larger standard motor which should be
selected has a nominal power of 4 kW.
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Figure 81 Power characteristic curve of an example pump

Finally, the efficiency of the pump can be determined in the required operating point – it amounts to 70 %.



 ∙  ∙  ∙  1000  ∙ 9.81   ∙ 30 ℎ ∙ 30.14 
=
=
= 0.70

3.52 

11.2. Example 2: Retrofitting

In a fictive system, a 30 year old pump is used, whose actual flow rate only amounts to 10 % of the nominal
flow rate, according to the original pump design. According to the nameplate of the pump, its maximum
efficiency is 62 %. This efficiency diminishes, age-related, by 20 percentage points to 42 %.
The conveying task is defined by:
• Head: 		

53 m

• Flow rate:

4 m³/h instead of the originally planned 40 m³/h

The efficiency of the pump lies in the strong partial load operation approximately 30 percentage points
below the maximum value. Consequently, the actual efficiency of the pump in this case is roughly 12 %.
The pump capacity amounts to
,




 ∙  ∙  ∙  1  ∙ 9.81   ∙ 4 ℎ ∙ 53 
=
=
= 4.81
0.12


In consideration of the motor age, a motor efficiency of 84 % can be assumed. The electrical power to be
absorbed amounts to
, =
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, 4.81 
=
= 5.73 
,
0.84

Assuming an annual operating time of 3.000 hours and electricity costs of € 0.1 per kWh, the annual energy
costs of the old motor amount to
5.72  ∙ 3000ℎ ∙ 0.1

€
= 1716€
ℎ

The savings opportunities, which are exploited by means of retrofitting, are calculated as follows:
With the present conveying task, an efficiency of 25 % can be achieved for state-of-the-art pumps. In that
case, the pumping capacity amounts to
,




 ∙  ∙  ∙  1000  ∙ 9.81   ∙ 4 ℎ ∙ 53 
=
=
= 2.31

0.25

In this case, a standard motor with a nominal power of 3 kW would have to be selected. The motor efficiency
can initially be estimated with 88 %. Consequently, the electrical power input is
, =

, 2.31 
=
= 2.63
,
0.88

The required 2.63 kW of electrical power following a retrofitting only correspond to 46 % of the power input
of the old pump system. The overall efficiency of the pump system is increase by 10 % to 22 %. The energy
costs amount to
2.63  ∙ 3000ℎ ∙ 0.1

Thus an annual saving of € 927 can be achieved.

€
= 789€
ℎ
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11.3. Example 3: Analysis of the speed over throttle control
By means of this example, it shall be shown that due to a suitable control of a centrifugal pump, enormous
savings potential can be exploited. Each pump system has to be considered as an individual case, and general conclusions have to be avoided.
The following information can be provided about the fictive pump system to be considered:
• Flow rate:

180 m³/h

• Head:

35 m

• Motor efficiency:

0.9

• Pump efficiency:

0.63

• Operation period:

8h daily, 8h at night

• Electricity price:

monthly basic fee:

5 €/kW

		

Day tariff:

0.1 €/kWh

		

Night tariff:

0.05 €/kWh

Step 1: Determination of the Status Quo
At first, the annual energy costs and the power input of the pump unit are determined. The power input
results from



 ∙  ∙  ∙  1000  ∙ 9.81   ∙ 180 ℎ ∙ 35
=
=
= 30.3
 ∙ 
0.9 ∙ 0.63

The result is energy costs per month, in relation to the required power
Basic fee:

At the day tariff:

30.3 ∙ 5€/ = 151.5€

At the night tariff:

30 ∙ 8ℎ ∙ 30.3 ∙ 0.1€/ℎ = 727.2€

Monthly total costs:

30 ∙ 8ℎ ∙ 30.3 ∙ 0.05€/ℎ = 363.6€

Annual total costs:

151.5€ + 727.2€ + 363.6€ = 1242.3€
1242.3€ ∙ 12 = 14907.6€
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Step 2: Redesign of the system concept with a pump control
In the next step, the current actual load profile of the system is determined for the required volume flow rate.
Profile

Required volume flow rate

Duration of operating

1

Full load (day):

4h

2

50 % partial load (day):

5h

3

50 % partial load (night):

9h

4

Switched off:

6h
Table 24 Load profile

The pump shall now be operated either via a throttle valve or via a frequency converter speed-controlled.
Throttle control
By means of a measurement, the absorbed motor power is determined to 50 % with a reduction of the flow.
In the process, it turns out that the motor power just decreases by 26 %.
For the individual load profiles, the following monthly energy consumptions an energy costs result:
Profile 1 (full load, day, 4 h):
, = 30.3 ∙ 4ℎ = 121.3ℎ

Profile 2 (partial load, day, 5 h):

30 ∙ 121.3ℎ ∙ 0.1

€
= 363.9€
ℎ

%, = 0.74 ∙ 30.3 ∙ 5ℎ = 112.1ℎ
30 ∙ 112.1ℎ ∙ 0.1

Profile 3 (partial load, night, 9 h)::

€
= 336.3€
ℎ

%, = 0.74 ∙ 30.3 ∙ 9ℎ = 201.8ℎ
30 ∙ 201.8ℎ ∙ 0.05

€
= 302.7€
ℎ
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Basic fee:
30.3 ∙ 5

Monthly total costs:

Annual total costs

€
= 151.5€


363.8€ + 336.3€ + 302.7€ + 151.5€ = 1154.3€
1154.3€ ∙ 12 = 13851.6€

Using a throttle control thus leads to annual savings in energy costs of €1,056, which is equivalent to 7 %.
Speed control
With a speed control via a frequency converter (FU), the additional efficiency of the converter has to be taken
into consideration. With an FU efficiency of 96 %, the power input rises to

The correlation




1000  ∙ 9.81  ∙ 180
∙ 35
∙∙∙
ℎ


=
=
= 31.6
 ∙  ∙ 
0.9 ∙ 0.96 ∙ 0.63
 
 =   


makes clear that the power input of a speed-controlled pump unit rises with the third power of the speed.
The volume flow rate varies on a linear scale with
 =  





The result is that the power input at half flow rate, that is half the speed, amounts to 1/8 of the output
power.
For the individual load profiles of this example with a speed control, the following monthly energy consumptions and energy costs result:
Profile 1 (full load, day, 4 h):
, = 31.6 ∙ 4ℎ = 126.4ℎ

30 ∙ 126.4ℎ ∙ 0.1
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€
= 379.20€
ℎ

Profile 2 (partial load, day, 5 h):
%, = 0.125 ∙ 31.63 ∙ 5ℎ = 19.75ℎ
30 ∙ 19.75ℎ ∙ 0.1

Profile 3 (partial load, night, 9 h):

€
= 59.25€
ℎ

%, = 0.125 ∙ 31.6 ∙ 9ℎ = 35.55ℎ

Basic fee:

Monthly total costs:

Annual total costs

30 ∙ 35.55ℎ ∙ 0.05
31.6 ∙ 5

€
= 53.33€
ℎ

€
= 158.00€


379.20€ + 59.25€ + 53.33€ + 158.00€ = 649.78€

649.78€ ∙ 12 = 7797.36€

Using a speed control thus leads to annual savings in energy costs of € 7,110.30, which is equivalent to
47 %. Assuming investment costs (acquisition and installation) for the frequency converter of € 4,000, then the
investment into a speed control already pays off after less than 7 months.

11.4. Example 4: Consideration of the velocity head difference
In this calculation example the supply of 30 m³/h of a conveyed fluid is required. For that, a diffuser pump
and a volute housing pump are available, which, according to their characteristic curves, provide a head of
20 m each at 30 m³/h. A potential energy head difference between the supply and collecting tank of the
system can be neglected so that the head consists of the velocity head difference and the static pressure
head difference.
Diffuser pump: Suction nozzle DN80, pressure nozzle DN65
Volute housing pump: Suction nozzle DN65, pressure nozzle DN40
Q = 65 m³/h
H = 20 m
g = 9.81 m/s²
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In the following table, the energy heads and flow velocities are calculated by means of the formulas
stated there.
Volute housing
pump 65–40

Diffuser pump
80–65

3,318E-3 m²

5,0266E-3 m²

5,44 m/s

3,59 m/s

1,51 m

0,66 m

1,2566E-3 m²

3,318E-3 m²

14,37 m/s

5,44 m/s

𝑐𝑐𝐷𝐷 2
2𝑔𝑔

10,52 m

1,51 m

9,01 m

0,85 m

𝑐𝑐𝐷𝐷 2 − 𝑐𝑐𝑆𝑆 2
∆𝑝𝑝
= 𝐻𝐻 −
2𝑔𝑔
𝜌𝜌𝜌𝜌

10,99 m

19,15 m

Formula
Suction
nozzle

Cross-sectional area
Flow velocity
Velocity head

Pressure
nozzle

Cross-sectional area
Flow velocity
Velocity head
Velocity head
difference
static pressure head
difference

𝐷𝐷𝑆𝑆
𝐴𝐴𝑆𝑆 = 𝜋𝜋( )2
2
𝑐𝑐𝑆𝑆 =

𝑐𝑐𝑆𝑆 2
2𝑔𝑔

𝑄𝑄
𝐴𝐴𝑆𝑆

𝐷𝐷𝐷𝐷
𝐴𝐴𝐷𝐷 = 𝜋𝜋( )2
2
𝑐𝑐𝐷𝐷 =

𝑄𝑄
𝐴𝐴𝐷𝐷

𝑐𝑐𝐷𝐷 2 − 𝑐𝑐𝑆𝑆 2
2𝑔𝑔

Table 25 Energy head calculation

The diffuser pump has a velocity head difference of 0.85 m. The flow velocity on the pressure nozzle is 1.51 m/s.
The pressure line can be executed in the dimensions of the pressure nozzle, because the flow losses turn out
to be small at this velocity.
The volute housing pump has a velocity head difference of 10.52 m. The flow velocity on the pressure nozzle
is 14.37 m/s and must be reduced by means of the extension to a larger pipe diameter. In order to convert
the velocity head in a low-loss way into usable static pressure head in this context, a diffuser can be used.
For the extension from DN40 to DN65, a conical diffuser in the length of 360 mm achieves a pressure-recovery factor of approx. 0.75. This way, 7.89 m of the original 10.52 m of velocity head in the pressure nozzle
can be converted into static pressure head. According to Annex 4, the diffuser represents a transition piece,
on which pressure losses occur that can be calculated according to Section 2.3. The pressure losses on the
diffuser are calculated according to the equation 2.13. With a loss coefficient of ζ = 0.02 to be assumed, the
pressure losses amount to 0.21 m. Due to the pump and the readjusted diffuser, a static pressure head of
18.67 is thus provided.
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In systems, an excursive cross-section expansion or very short and thereby diffusers afflicted with larger
losses are often used. In these cases, the usable static pressure head of the efficiency of the pump system is
lower. If the above mentioned aspects are not taken into account during the planning of a pump system, the
conveying task in the business can possibly not be fulfilled.
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Figure 82 Velocity head difference as a function of the volume flow rate and the pipe internal diameters
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12. Annex
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Annex 1 Flow velocity and loss of head of cold water in straight pipes of 100 m length
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m³/h
Q

t
°C

pD
bar

kg/dm³

ρ

t
°C

pD
bar

kg/dm³

ρ

t
°C

pD
bar

kg/dm³

ρ

0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70

0,0061
0,0071
0,0081
0,0093
0,0107
0,0123
0,0140
0,0160
0,0182
0,0206
0,0234
0,0264
0,0298
0,0336
0,0378
0,0424
0,0475
0,0532
0,0594
0,0662
0,0738
0,0820
0,0910
0,1009
0,1116
0,1234
0,1361
0,1500
0,1651
0,1815
0,1992
0,2184
0,2391
0,2615
0,2856
0,3116

0,9998
0,9999
1,0000
1,0000
0,9999
0,9997
0,9996
0,9993
0,9990
0,9987
0,9983
0,9978
0,9974
0,9968
0,9963
0,9957
0,9951
0,9944
0,9937
0,9930
0,9923
0,9915
0,9907
0,9898
0,9889
0,9880
0,9871
0,9862
0,9852
0,9842
0,9832
0,9821
0,9811
0,9799
0,9788
0,9777

72
74
76
78
80
82
84
86
88
90
92
94
96
100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
135
140
145
150
155
160
165

0,3396
0,3696
0,4019
0,4365
0,4736
0,5133
0,5557
0,6011
0,6495
0,7011
0,7561
0,8146
0,8769
1,0133
1,0881
1,1672
1,2509
1,3395
1,4327
1,5321
1,6367
1,7470
1,8634
1,9854
2,1151
2,2491
2,3940
2,5442
2,7013
3,1310
3,6140
4,1550
4,7600
5,4330
6,1810
7,0080

0,9765
0,9753
0,9741
0,9729
0,9716
0,9704
0,9691
0,9678
0,9665
0,9652
0,9638
0,9624
0,9610
0,9581
0,9566
0,9551
0,9537
0,9522
0,9507
0,9491
0,9476
0,9460
0,9445
0,9429
0,9412
0,9396
0,9379
0,9363
0,9346
0,9302
0,9258
0,9214
0,9168
0,9121
0,9073
0,9024

170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
340
350
360

7,9200
8,9240
10,0270
11,2330
12,5510
13,9870
15,5490
17,2510
19,0770
21,0690
23,1980
25,5130
27,9760
30,6450
33,4780
36,5360
39,7760
43,2610
46,9430
50,8940
55,0580
59,5080
64,2020
69,2000
74,4610
80,0500
85,9270
92,1440
98,7000
105,6100
112,8900
120,5600
128,6300
146,0500
165,3500
186,7500

0,8973
0,8921
0,8869
0,8815
0,8760
0,8704
0,8647
0,8588
0,8528
0,8466
0,8403
0,8339
0,8273
0,8205
0,8136
0,8065
0,7992
0,7917
0,7839
0,7760
0,7678
0,7594
0,7505
0,7417
0,7321
0,7226
0,7122
0,7017
0,6906
0,6791
0,6669
0,6541
0,6404
0,6102
0,5743
0,5275

Annex 2 Boiling pressure and density of water depending on the temperature
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Loss coefficients for transition pieces
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Annex 4 Loss coefficients for transition pieces

Drag coefficients of 90° pipe bends
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Annex 5 Drag coefficients of 90° pipe bends and factors for composed pipe bends
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Index
A
Absolute velocity 24
Acquisition cost 138
Actuators 103
Air pressure 62
Aluminium 118
Aluminium oxide 119
Analogue sensors 104
Area ratio of a mechanical seal 71
Asynchronous motor 80
ATEX 96
Austenite 117
Automation technology 103
Autotransformer starter 84
Axial thrust 16

B
Back to back mechanical seal 73
Balanced mechanical seal 70
Barrier fluid 76
Barrier pressure 77
Bellow seal 73
Bernoulli‘s equation 20
Best efficiency point 33
Binary sensors 104
Bingham plastic fluid 27
Blade-congruent flow 24
Brass 117
Bronze 117
Bypass control 52

C
Can 78
Cartridge seal 74

Cast iron materials 115
Cavitation 58
Cavitation erosion 58
Ceramics 119
Characteristic curve 33
Characteristic diagram 37
Circumferential speed 24
Close-coupled design 15
Closed impeller 16
Coating 130
Commissioning cost 138
Condition Monitoring 113
Constant pressure control 109
Control procedure 109
Conveyed fluid 25
Conveying capacity 20
Copper alloys 117
Copper-nickel 117
Corrosion 126
Coupling 15
Coupling power 23

D
Density 20, 26, 35
Deposit 67
Differential pressure control 110
Diffuser 18
Diffuser element 14, 18
Dilatant fluid 27
Direct start-up 84
Disc friction 18
Dismantling costs 138
Displacement pump 14
Dissolved air flotation 43
Double seal 75
Downtime costs 138
Drag coefficients 32
Drive power 85

Drives 80
Dry run 72, 74, 112
Duplex 117

E
EEI 134
Effective output 21
Efficiency 132
Efficiency class 90
Elastomers 121
Electric motor 80
Energy cost 133, 138
Energy efficiency 90, 132
Environmental costs 138
EPDM 124
Euler’s main equation 24
Ex’ zones 96

F
FEPM 125
Ferrite 117
FFKM 125
FKM 125
Flow velocity 29
Fluid 25
Flushing device 75
Frequency 81, 85
Frequency converter 36
Friction 69

G
Gap loss 22
Gas conveyance 41
Geodetic height 39
Gland packing 65
Grey cast iron 115

H
Head 20, 33
HNBR 123
Hot water conveyance 63
Hub 17

I
Ignition protection types 99
Imbalance 59
Impellers 16
Installation costs 139
IP protection classes 95

L
Laminar flow 30
Law of similarity 37
Leakage 22, 69
Level control 53
Life cycle costs (LCC) 138
Losses 22

M
Magnetic coupling 78
Maintenance costs 138
Martensite 117
Mass flow rate 21
Material efficiency 137
Materials 114
Measurement procedure 103
Measuring range (sensors) 105
Mechanical seal 73, 119
MEI 133
Metallic materials 114
Micro jet 58
Microstructure 114

Mixed friction 69,72
Motor protection 92
Multi-phase conveyance 41
Multi-phase flow 18
Multi-stage pump 17

Pump control 149
Pusher mechanical seal 73

Q
Quench fluid 76

N
NBR 123
Newtonian fluid 27
Nickel based alloys 117
NPSH 59

O
Open impeller 18, 22, 42
Operating point 33
O-Ring 67, 73
Output signal (sensors) 106
Overload 33, 112
Overload protection 112

P
Parallel connection 54
Partial load 33
pH value 114, 128
Pipe flow 30
Plastics 120
Power input 14, 35, 49, 80
Power losses 72
Pre-rotational swirl control 53
Pressure head 20
Pressure losses 30
Pressure nozzle 14
Process control engineering 107
Production downtime costs 141
Protection mechanisms 129
PTFE 121

R
Radial shaft seal 65
Red brass 117
Relative velocity 24
Relief bore 18
Repair costs 138, 140
Retrofitting 146
Reynold‘s number 30

S
Sealing gap 67
Self-priming pump 44
Sensors 103
Series connection 56
Shaft seal 65
Sharpening of impeller blades 49
Shear stress 26
Shear velocity 26
Silicon carbide 75, 119
Silicon nitride 119
Slide bearing 78
Sliding material 74
Slip factor 24
Soft start switch-on 84
Solids transport 40
Specific speed 16
Speed control 85
Spheroidal graphite iron 115

Stainless steel 116
Star-delta start-up 84
Steel 116
Structural viscous fluid 26
Suction capability 62
Suction head 59
Suction height 63
Suction nozzle 14
Sustainability 132
Switch-on types 83
Synchronous motor 80
System characteristic curve 38
System hydraulics 53

T
Tandem mechanical seal 75
Temperature classes 99
Temperature control 111
Thermal class 93
Thermoplastics 120
Thermosetting plastics 120
Thermosiphon vessel 77
Throttle control 47
Throttling curve 37
Titanium alloys 118
Torque-flow pump 41
Trimming of impeller blades 49
Turbulent flow 30
Types of centrifugal pumps 15
Types of mechanical seals 73

V
Valves 29
Vapour pressure 58, 62
Velocity energy 20, 24
Velocity triangle 23
Venting Device 75

Viscosity 26
VMQ/MVQ 122
Volume concentration 28
Volute housing 14, 19

W
Waste disposal cost 138
Water hardness 128

THE EDUR PUMP GUIDE
The EDUR Pump Guide has been created to support pump users of all work and experience levels. Not only
the up-to-date engineering expertise for pump technology has been processed, but also the extensive
practical wealth of experience gained in the long history of the company EDUR has been incorporated.
The EDUR Pump Guide is intended to help engineers and technicians who are responsible for the planning
and installation of pumps and pump systems but also for everyone who is interested in the fascinating
pump technology and want to gain basic knowledge. Due to the clear structure it is an appropriate reference book for precise issues.
May this first English edition of The EDUR Pump Guide provide plentiful benefits to users all over the world
for their daily work.

