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Abstract

In todays globalized and prospective digitalized markets, companies must enhance ways
to approach change. Due to globalization, more competitors emerge and market prices
decrease. Digitalization increases efficiency and automatizes parts of the value creation

chain.

This thesis aims to demonstrate that the product strategy — standardization — is a good
market approach, to use the cost advantages of a globalized market and to implement the

product within the corporate digitalization strategy.

First, a market analysis was conducted, to get a clearer picture of how big the future
market potential is and for which sizes standardization will be most promising. A
competitor analysis helped to identify the current common designs and in which ranges
the competitors have standardized their portfolios. The internal cost analysis examined
the most cost-intensive parts of the product and helped to determine the future cost
saving potentials. By means of an analysis of the internal hydraulics, the usability for
standardization was decided. These hydraulics were the basis for a Standard Pump

Mapping. Finally, a standard calculation tool and standard pump parts were established.

The results of the product standardization are a shorter lead time, lower internal costs
and thus, lower achievable sales prices and higher competitiveness in a dynamic and
price-driven market. According to standard calculations and based on a parametrized
design, the engineering process can be accelerated and shortened. Due to standardized
parts, the variant management and the automatized Bill of Materials creation can be

pursued easier. The standardization enables a clear and fixed product structure.
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Kurzfassung

Aufgrund der Globalisierung und Digitalisierung der Markte, miissen Unternehmen ihre
Strategien anpassen, um diesen Wandel erfolgreich zu meistern. Durch die Globalisierung
gibt es mehr Mitbewerber und die Marktpreise sinken. Die Digitalisierung steigert die

Effizienz und viele Teile der Wertschopfungskette sind automatisiert.

Diese Masterarbeit soll aufzeigen, dass die Produktstrategie — Standardisierung — ein guter
Ansatz ist, um die Kostenvorteile eines globalisierten Marktes zu nutzen und das Produkt

in die Digitalisierungsstrategie des Unternehmens zu integrieren.

Zunéchst wurde eine Marktanalyse durchgefiihrt, um ein klares Bild zu bekommen, wie
grofl das zukiinftige Marktpotenzial ist und welche Grofien fir eine Standardisierung am
wichtigsten sind. Eine Konkurrenzanalyse half dabei, die aktuell iiblichen Designs zu
vergleichen und festzustellen in welchen Bereichen die Mitbewerber ihre Portfolios
standardisiert haben. Die interne Kostenanalyse untersuchte die kostenintensivsten
Bauteile des Produkts und half das zukiinftige Kosteneinsparpotenzial zu ermitteln.
Anhand einer Analyse der firmeninternen Hydrauliken wurde die Verwendbarkeit dieser fiir
die Standardisierung bestimmt. Diese Hydrauliken waren die Basis fiir ein Standard-
Pumpen-Mapping. Schliellich wurde ein Standard-Berechnungstool erstellt und es wurden

StandardgroBen fir diverse Pumpenteile festgelegt.

Durch Einfiihrung dieses Standardberechnungstools und eines parametrisierten Designs
kann der Entwicklungsprozess verkiirzt werden. Das Ergebnis der Produktstandardisierung
werden kirzere Lieferzeiten und niedrigere Entwicklungskosten sein, wodurch niedrigere
Verkaufspreise erzielbar sind. Die Wettbewerbsfihigkeit dieses Produkts wird als Resultat
in einem dynamischen und vom Preis bestimmten Markt erhoht. Durch standardisierte
Bauteile kann das Variantenmanagement und die automatisierte Erstellung von Stiicklisten

einfacher verfolgt werden. Die Standardisierung ermoglicht eine klare Produktstruktur.

Daniel Fleck Vv



1 Table of contents

2 INTRODUCGTION. .. .ottt st e b e s sa e ste e beessaesbe e seesnteeseenseas 1
2.1 CUFTENTE STEUALION. ...ttt ettt e bt e b bt et ke b et e e et e et e b et e b et s et b e s et et ene e e etenas 1
2.2 Target OF The theSIS....ov et s bbbttt s e et et e e s et e se s et esene e e enenes 1
3 GENERAL ...t e e b e n e re e nnes 3
3L PrOOUCE SEFALEQY .....veviiieieiiieee ettt ettt sttt e ke b et e ket e st et et e b et e e et e b et e e et e b et s et e be et ebene e e eannas 3
3.2 Product StANAArIZAtION...........ccvriiieiieiees ettt ettt ettt nenenas 4
3.3 Vertically suspended CeNtrifUGal PUMPS. ....c.cviiiiiiiiiiieeeeeee et 7
3.4 Vertical lINe ShAaft PUMIP ..ot et ettt ettt senenas 9
ST B 1S o g o] o [0 LRSS 11
3.5.1  Different discharge CONFIQUIAtIONS ..........coovciiiiieicieicese e ne e 11
T SV | o TU L [=t] o o SRRSO 12
TR T T |4 41 =1 1 - OSSR PSSSN 13
3531 FIXEU DIAUE ...t 15
35301 RAAIAL ..ot 15
3.5.3.1.2  Semiaxial (MIXEA) ....c.ciieiieiciieiese ettt e st e et a et e st e e sae e ere e ereeas 15
35303 AXIAL ittt e et re e 16
3.5.3.1.4 Closed / Semi-open / Open iMPEIIEN ... 16

3532 IMpeller gap adjUSIMENT ..o bbb 17
3533 Change Of the PUMP CUNVE ...t 18
3.5.3.3.1  Manually/Automatically adjustable DIades ..., 18
3.5.3.3.2  SPEEA VAITALION. ....c.cuiuiiieieiiiii ettt 22
3.5.3.3.3  Pre-SWirl regQUIALION..........cviiicccise ettt re e 23

35.34 IMPEHET ASSEMBIY ...ttt et e bt eae s ere e 23

3.5.4  Single- and MUILIStAGE TESION....c.viiviiieiecisee ettt se st e e ne st ere e ene e 24
355 SUCTION. ...ttt 24
3551 SUITID 1ttt bbb s b s bbbttt 29
3552 SUCHION BIDOW. ... 31
3553 ST o 8 o= ST 32
3554 Bell Dearing DUSNINGS........c.cviiiii e 33
3555 SEFAINET (DASKEL) ... vttt 33

3.5.8  PrESSUIE CASIN . ...eereueeeeresereseeteseeseesesesessesesesesessesesessssesesessasesesessssesesessasesesessasesesessssesesessssesesessssnsesesensnseses 34
3.5.7  Column PIPe (RISEN PIPE)...cueuiririririririiriit ittt ettt ettt 34
358 SN ..t 38
3.5.9  DISCNAIGE NBA.......ei ettt b et b bbbttt et bt 39
3.5.10  DISCNAIGE BIDOW ...c.oeieiieiiiieieiieiee ettt b ettt b bbb bttt b ettt e bt 40
3.5. 11 MIOLOE COUPIINGS ..t tutetetenteestetetere sttt ettt e bt b et e b b s et e bbb et e b et e bt e et e b et et eb et e s e e ebenas 43
35111 Rigid MOLOF COUPIINGS -..evitiniieiieiiiee ettt ettt 43
3.5.11.2  Flexible MOtOr COUPIINGS ...cviviueiiiiiicieiree ettt 44
TSI S T | 1T To o] o] 1] TSR 44
3.5.12.1  StUffiNg DOX SBAIING ...v.viveveriisicciisc ettt na e es 45

TSI I |V [ Tot o T T o LRS- LT o 45
TS T8 I T 0T I 10 (1 SRR 46
3.5.13.1  AXial thrUSt DBAMNNGS .....cveeeieiccee ettt es 49
3.5.13.2  Axial thruSt COMPENSALION .......eeviuiiiicieireree ettt eb e 50
3.5.13.3  LUBFICALION 1.tttk b et n s 51

Daniel Fleck VI



TR0 = - To 1= I {0 (o< 52

TSI R = . To T L oo [T Y 01O 52
3.5.15  API CONFOMM OESIGN ..o 55

4  MARKET ANALYSIS ..ttt s te e et e e e ae e s s te e e s at e e ebee e snteessnneaens 57
4.1 INternal MArKEt @NAIYSIS ......cviiiiiirieiieier et ettt ettt ettt e et e e bbb e et b et e e e etenas 57
4.2 EXternal Market aNalYSIS ......ccvuceiiiiiiieiiiisceiese sttt ettt et e et a et e et e e nnnenas 59
I Y o] o] T d o) SRS PSRIPRSTN 63
4.3.1  Irrigation and Water traNSPOIT ..........c.ceiiiieieieirese et se et e e s e e s s e e e s ne e ees 63
O B o oo o oo 1 () TP 66
4.3.3  DESAINGLION ..ttt 67
4.3.4  Cooling water pump - Water INTAKE ..........cvceiiririceieirceieirse et es 68
4.3.5  Flue gas deSUIPNUFIZALION .........cciriiiieisiriee ettt ettt es 72

5 COMPETITOR ANALYSIS ...ttt 74
LT R S TSP PTT 76
LT 11 2 ] N TSP 77
B.L2  KSBPINW...ciiiiieiiiiiiisieseseses ettt 11ttt 79
Bi2  SUIZEE ..ttt bbb E bR R b bR R bR R £ b bR e R bR et et b et b et n e 81
B.2.1  SUIZEI-SIT ..ottt ettt £ttt 81
522 SUIZEM-SIIV...c ettt ettt ettt Rttt ettt et nrenas 83
5.2.3  SUIZEI-SITISIM CWP ...ttt bttt 84
524 SUIZEI-SIP ..ottt ettt Rt R ettt bR ettt 85

6 COST ANALYSIS ettt e b et e e bt e st e e nbe e aeeenes 86
6.1 COSt SAVING POLENLIAL ... ..ci ittt e st e e eae e ete s ete e e sesteseese e ereseeneneas 90
T IMAPPING ...t e et s be e e e ate e e bee e s be e e ear e e ebae e sbeeeanreaens 92
A5 R 101 0= g U )Y [ U oSSR 92
7.2 Preliminary standardiZation FANQE...........ccociieiieiieecese ettt te st te e e b e s e etesnesestene e 97
S IS = gl = U o g F=T o] o [ o SRR 100
8 STANDARDIZATION CONCEPT ...ttt 107
8.1  Standard CAlCUIAtION CONMCEPL .....c.ciiririiiiieieitieeee e s e s s s s s e ese s senenas 107
8.1.1  MinimUM SUDMEITENCE .....vcveiiieeeieiiisieteeiste ettt s e e sa st s e ss et e e e e s sese e s esesene s neenas 108
8.1.2  Length OF the PUMP ..ottt e st se e aese s neenas 108
8.1.3  ColUMN PIPE GIAMELET........c.cirieiiiii ittt 109
8.1.4  Shaft diameter ANd SPACING .........cuiueririririeieiririeie ettt b et b bttt et a et n e 111
8.1.5  AXIAl thrust CAICUIATION .........eeiiieec et 114
8.2 STANAAIT AESIGN. ...ttt ettt bbbttt b b £ e bbbt b bRtk b bt e b et e et 116
8.2.1  Structure fOr StANArd PUMPS. .......cueuiiiieieirrieie ettt ettt b et b e ennas 116
8.2.2  PATaMEIIIZALION ......iuiieietii ettt bbbt e bt bbbt b et b et ebenas 118

I G0 1)\ 6 51 011 [0 ) S 121

Daniel Fleck VII



10 APPENDIX ... 122

10.1 APPENTIX CRAPTEE 3.ttt ettt e et b ettt e et e bt e et st 122
10.2 APPENTIX CNAPTEE Attt ettt e bt e et e ettt e s st 123
10.3 APPENTIX CNAPTEE 5.ttt ettt sttt ettt ettt 125

10.3.1  Comparison of the design OPLIONS ........c.ccuiiiiiiiieirieiri e 125

10.3.2  FIOWSEIVE MAPPINGS c.evvveverererieeererisesteseseessesesessssssesasessssesesessssesesessasesesessssesesessssesesessssesesessssasesessssasesesens 125
10.4 WA o] o 1=] a0 [ ) ot T T o) ] RS 126
BIBLIOGRAPHY ...ttt et sttt et e et e e b e s e e nseenneas 134
LIST OF DIAGRAMS ...ttt sttt n e e be e nn e neenneas 138
LIST OF FIGURES ...ttt ettt e nne e eenneenneas 140
LIST OF EQUATTONS ...ttt st sttt e nbeennn e e ne e s 142
LIST OF TABLES ...ttt ettt e et e e b e e s s e e nteenseesnaeenseenneas 144
LIST OF ABBREVIATIONS ...ttt 145

Daniel Fleck VIII



Introduction

2 Introduction

2.1 Current situation

The Andritz AG, Division Pumps, is a leading vendor for different industries, such as:

pulp and paper, water and waste water, mining and much more.

The extensive product portfolio comprises several standard pumps like end-suction
centrifugal pumps, axially split case centrifugal pumps, medium consistency centrifugal
pumps, submersible pumps and -motors and others.

Furthermore, the portfolio consists of engineered pumps for customized applications and
higher head or flow rate pumps. These are vertical volute pumps, axially split case
multistage pumps, high pressure pumps and vertical line shaft pumps.

In this thesis, the vertical line shaft pump (VLSP) is analysed in detail and a
standardization concept with prospected cost savings is examined.

The vertical line shaft pump is already in the company’s product portfolio for a long
time. This product is currently managed at two locations with different market
approaches. At the headquarter in Graz, the VLSP is an engineered pump especially for
bigger sizes. For smaller sizes the company has a vendor for which the Andritz AG

delivers a standardized range. Currently every pump is engineered from its subsidiary in
China.

At present the Andritz AG is not competitive enough with this product, especially with
smaller sizes because competitors have certain standardized sizes and produce in low cost
countries. By means of vendoring a standardized range, some know-how was lost.

Due to that, and in order to control and have influence on the costs, the demand for

standardization in-house is a hot topic already since quite some time.

2.2 Target of the thesis

This thesis aims at examining in which areas it is most promising to standardize the
VLSP and how this can be executed. The cost saving potential will be evaluated to
analyse if the VLSP will be competitive again after the standardization. This product
should not be positioned as a low-cost product; it will still be a highly technological
product since the company offers high level hydraulic know-how and hence, the best
solution can be provided. Furthermore, the company offers different options like

Daniel Fleck 1
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adjustable blades to ensure best performance for different operating points, multi-stage
design for higher heads or pull-out design. With these features and a competitive price
this product should be a more important product for the future.

The following 3 targets are crucial:

e Use of cost advantages due to globalization and based on its subsidiaries
e Alignment of the product to the divisional digitalization strategy
¢ Reducing lead time

Additionally, to have a comprehensive global product strategy, in future the company
also wants to produce the smaller sizes in-house and thus gain the gross margin of the
vendor as its own gross margin.

Furthermore, as Industry 4.0 is a big topic nowadays and to align the product to the
divisional digitalization strategy standard tools will be established, such as a calculation
tool, and the standard sizes will be integrated into the variant management. Standard
hydraulic sizes will be established. These measures will help to fasten up processes and
reduce lead time. Due to that and as a follow up, a parametric design of the vertical line
shaft pump will be established to reduce the design time for such a product.

In Chapter 3, the product strategy, the facts for standardization and the vertically
suspended centrifugal pumps are introduced in general. Also, the main product in this
thesis — the vertical line shaft pump - is described in detail and important issues
referring to each part of the pump are examined. In Chapter 4, the current market
situation is analysed and the different application possibilities are shown. In Chapter 5,
the competitive situation is described in detail and the standardization level of the
competitors is analysed. In Chapter 6, the cost of the product is examined and potential
savings are identified. Chapter 7 analyses the different hydraulics and a standard
hydraulic mapping is developed. Finally, in Chapter 8, the planned standardization
concept with the standard calculation tool is described and standard sizes are
established.

Daniel Fleck 2
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3 General

3.1 Product strategy

A company usually intends to grow and to develop its business. The growth strategy
implies that the company can use economies of scale, economies of experience, the
increase of the market power and is protecting jobs. (Vorbach, 2015, p. 199)

To grow naturally, a strategy based on products should be examined.

According to Ansoff, there are 4 strategic directions for growth. Ansoff’'s model is used
to derive the right strategy for divisional growth (Vorbach, 2015, p. 199). Usually a
company starts with its existing products in existing markets. Afterwards, the company
has the possibility to penetrate the current market with the current product or to move
further with product development within the existing market, develop a new market with
the existing products or to go a complete new way with new products in new markets
called diversification (Johnson, et al., 2009, p. 174).

For the VLSP the strategy is to grow in the existing markets with a current product.
This means that the VLSP is supposed to grow by means of the market penetration
strategy.

The following advantages accompany this strategy:
e Use of existing company capabilities
e Higher sales with existing customers
e Divisional orientation stays the same
e New customers by exploiting weaknesses of competitors
e Scaling and experience advantages (Vorbach, 2015, p. 200)

This strategy implies a further product development as well but not to such an extent as
with the product development strategy. (Johnson, et al., 2009, p. 174)

Daniel Fleck 3
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Products
Existing New
A B
. Market penetration Product
Existing Consolidation development
Markets

c D

New Market development Diversification

Figure 1: Strategic directions Ansoff matrix (Johnson, et al., 2009, p. 174)

For the market penetration, the strategy of product standardization was chosen.
The advantages and disadvantages, according to literature, are shown in the next
chapter.

3.2 Product standardization

To achieve the goal described in the last chapter, the product standardization was
selected. According to the relevant literature the product standardization will provide the
following advantages and improvements:

e FEasier and cheaper procurement costs

e Increasing recycling chances

e Price reduction according to higher quantity

e Standardized services (Hofbauer & Hellwig, 2009, p. 325)

o Cost savings, the R&D engineer will be available for other tasks
e Stable quality

e Higher efficiency within the development process (Hebenstreit, 2009, p. 12)
e Faster time to market

e Improvement of single functions

e Better bargaining position when buying bigger amounts

e Standard products are tested less (Hebenstreit, 2009, p. 21)

Disadvantages of product standardization:

e Initial investment without a financed project as background
o Less flexibility regarding customer preferences (Hebenstreit, 2009, p. 13)

The product development is classified in different categories. In Figure 2, on the next
page, the standardization level is diminishing with increasing standardization class. The
first class, which contains standard parts, refers to parts which are standards such as
screws, washers and many others. The last class is the class of engineered parts, whereas
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all products are specified according to customer requirements. The classes in between are
standardized up to a certain extent e.g. the parametric design derives the design of a
template but stays flexible according to customer requirements for certain parts.

The decision to which extent products shall be standardized should be taken according
to how often a product or assembly is used with the same specifications, hence, customer
preferences are the main determinant factor for companies. The fact that development
costs rise the higher the customer-specific level is, must be considered as well. This is
illustrated in Diagram 1.

Classification for Product Development

S0 - Standard Parts
« DIN Parts

S1 - Transferable Parts

« Parts, which can be used by other products

S2 - Parametric Design
+ Complete parametric design with adaptable parts

* Derive of a template

S3 - Standard Concept Parts
« Reuse of Concepts
+ Technical Guidelines

» Defined Guidelines (According to material, interface, tolerances, processes, ...)

Decreasing Standardization level

S4 - Customer-specific Parts

« Engineered for one product

Figure 2: Standardization classes (Hebenstreit, 2009, p. 17) — (source modified)
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100

/
/

Development costs
3

1 2 3 4
Standardization level

Diagram 1: Development costs (Hebenstreit, 2009, p. 19) — (source modified)

In some industries, the platform strategy is quite famous, also across different brands,
e.g. the automotive industry. With that strategy, additional savings are generated.
(Hofbauer & Hellwig, 2009, p. 325)

In the hydraulic industry, particularly the pump industry, some standards are used
especially for the most common industries, such as the water or the chemical industry.
Often, the same pumps are used for different applications and the design is adjusted to
customer needs. Equal parts or assemblies, such as bearing supports, sealing systems or
hydraulics, are used crosswise, for several products, hence, the advantages mentioned
apply. The main task of product standardization is to use the same parts in different

products or the same sizes for different applications.
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3.3 Vertically suspended centrifugal
pumps

Vertically suspended centrifugal pumps are used where less space is available and self-
priming operation is required. Either clean- or contaminated fluids are pumped.

There are several different vertically suspended pumps for industrial applications
available. These are classified below according to Figure 3.

Vertically Suspended Pump

Types
and Classifications

Vertically Sluspended

[ Double IC
asing
Sl?gleoﬁ%siltng (Canor In-line
"'31 K Suction Casing
a| °) Barrel Intake)
|
Discharge Separate
Submersible Through Discharge
Column (Sump)

|

Axial Line Canti-

F|Qw Shaﬂ: Iever Diffuser Volute Diffuser

I

VS0 V81 vs2 V83 85 VS 6 §7 V&7a VS8

EREREY

Figure 3: Vertically suspended pump types and classifications (ANSI/HI 1.3, 2013)

Diffuser Volute

The different vertically suspended pumps are briefly described on the next page in Table
1. Figures 4 - 7 illustrate the different pumps.
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Vertical sump pumps
(separate discharge)

Vertical line shaft pumps
(discharge through column)

Submersible pumps

Double casing pumps
(Condensate pump)

V5S4, VSH

ViS1, VS2,VS3

VS0

ViS6

Figure 4: Sump pump (Andritz, internal source)

A

e ——ae

Figure 5: Vertical line shaft pump

(Andritz, internal source)

Figure 6: Submersible pump (Andritz, internal

source)

=9

Figure 7: Condensate pump (Hellmann, 2011, p.

381)

Separate discharge pipe

Discharge through column pipe

Discharge through column pipe

Discharge through column pipe

Volute casings

Guide vanes

Guide vanes

Guide vanes

Clean or slightly contaminated water,
fibrous slurries and liquids containing
large solids from the deep sumps. (Sulzer
— Vertical sump pumps, 2017)

Clean water or slightly contaminated
water, salt water

Clean water or contaminated water

Clean condensate

Dry installed motor

Dry installed motor

Wet installed motor

Dry installed motor

Water- and waste water applications

Water intake applications

Mining- and well applications

Power plant applications

+ Direct installation in the pump sump
(Sterling STHI, 2000)

+ Different impeller modifications
possible for different slurry and sump
applications with e.g. single vane
impellers

+ No suction or inflow pipe needed

— Limited length (Sterling SIHI, 2000)

+ Is radially smaller designed than with
a separate discharge pipe

+ Slide bearings are mostly lubricated
with the pumped liquid

+ Direct installation in the pump sump
(Sterling SIHI, 2000)

+ Easier access to wear parts

+ Less area required

+ No suction or inflow pipe needed

— Higher costs for the building (Sterling
STHI, 2000)

— The motor must be installed flood safe
(Sterling SIHI, 2000)

+ Small diameters to fit into mining
holes

+ Slide bearings are mostly lubricated
with the pumped liquid

+ Easy heat removal with the pumped
fluid (Hellmann, 2011, p. 293)

+ High submergence possible, up to
several kilometres. (Hellmann, 2011, p.
293)

+ No shaft transmission (Sterling SIHI,
2000)

— The hydraulic is designed at the
expense of the diameter

— No access to the wear parts

+ The NPSH,, can be easily increased by
extending the barrel

+ First stage double suction for low
NPSH,eq

+ Operation close to steam pressure

+ Used when closed circuits are needed
— Higher costs

Table 1: Comparison of the vertically suspended centrifugal pumps
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3.4 Vertical line shaft pump

According to Figure 3 above, this kind of pump is classified as VS1 to VS3, the discharge
through column vertically suspended centrifugal pumps. These are named vertical line
shaft pumps company internal. Vertical line shaft pumps (VLSP) are also often called
vertical turbine pumps (VTP).

This type of pump was used as a deep well pump. The outer diameter of these pumps is
important and often the impeller is a mixed- and axial flow type. However, this type
provides certain benefits for other industries as well. (Bloch & Budris, 2010, p. 354)
These benefits are described on the next page.

The water intake is at the bottom at the suction bell. The conversion from speed to
pressure is realized in guide vanes. Thus, this pump is often called a diffusor-pump.
Afterwards the pumped fluid is directed through the column pipe.

The radial bearings are sliding bearings and mostly lubricated with the pumped liquid.
The discharge elbow directs the fluid to the pressure gate. The shaft is sealed at the
discharge elbow with a stuffing box or a mechanical seal. The motor stool is located
above the discharge elbow, and inside of that the axial thrust bearing and the motor
coupling. The motor is mounted on top of the motor stool. The axial thrust bearing is
either a tilting pad bearing or a roller bearing. (Hellmann, 2011)

The pump efficiency in centrifugal pumps is measured between the pressure port and the
suction port. In typical end-suction pumps the efficiency includes the impeller and the
volute casing. In comparison, a VLSP includes the impeller, the guide vanes, column
pipes, diffusors and elbows. Thus, the column pipe, diffusors and the discharge elbow
must be taken into consideration when designing such a pump, to ensure high efficiency.

The vertical line shaft pump is designed hydraulically with an axial-, mixed- or radial
flow impeller. This depends on the flow rate and the head. Which impeller is used for
which configurations is described in detail in Chapter 3.5.3.

The VLSP can be realized in different design configurations. This is described and
illustrated in Chapter 3.5 — Design options. The main design is shown in the Figure 8 on
the next page.
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Bearing and motor support

Thrust baaring
= Anti-friction bearng
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Figure 8: Main design (Andritz — Vertikale Rohrgehdusepumpen)

The advantages in comparison to a horizontal pump are:

e VLSP pumps are submerged for a certain overlay = thus these types are

operating in self-priming operation.

e Due to the fact that the motor stool with the motor is above the floor, it

occupies minimal floor space.

e The installation and the foundation design are rather straightforward and

cheap.

e  NPSH.uiune can easily be increased by extending the column pipe length.

e High efficiency is obtained with a multistage design.

e This pump can be designed in a modular way according to its application.
(Bloch & Budris, 2010, p. 354)
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3.5 Design options

3.5.1 Different discharge configurations

The different discharge options depend on the site conditions available, such as space and
limitations of floor load. For this pump, 4 different discharge configurations are possible.

m m m I

Figure 9: Discharge configurations (Andritz — Vertikale Rohrgehiusepumpen) — (source modified)

a) Above ground

The discharge head is located above the ground. This is the most common configuration
and is especially used if the pressure pipe and armatures must be installed dry.

With this configuration, the whole pump and motor weight, water filling included, is
carried by the fundament.

b) Below ground

The discharge head is located below the ground. This is used when the space above

the floor is limited and the pressure pipes and the armatures must be installed wet. With
this configuration, the whole pump and motor weight, water filling included, must be
borne by the fundament.
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¢) d) Double deck installation

This configuration is used when the motor floor cannot take the complete weight of the
pump. Both configurations are double deck whereas the location of the axial thrust
bearing differs. In ¢) the axial thrust bearing is located in the motor and in d) it is
located at the discharge head. Thus, in ¢) the axial load is carried by the motor floor and
in d) by the pump floor.

Thus, the weight is separated and the pump floor has just to bear the pump weight.
These configurations relate to higher requirements regarding the sealing of the building.

Other extending discharge configurations are available as well e.g. a horizontal one or, as
shown below in the Figure 10, a slanting configuration. Such slanting configurations are
used because of service reasons — when the pipes are axially split, maintenance of the

inner parts is easier.

AT ISP I I I I 2

N\ \&N

Figure 10: Slanting configuration (Voith — Schrift 2269)

3.5.2 Pull-out design

This design option enables removing only the runner unit without pulling out the whole
pump unit. The ease of service is the determinant factor using this design. This design
option is often preferred by customers for bigger diameter pumps, hence, for higher flow
rates. The slide bearings and other wear parts can be easily maintained and the standstill
time is reduced. In addition to that, the hall cranes lifting capacity can be reduced and
less floor space for storing the whole pump is required. Of course, this design requires
more investment costs and the weight is a bit higher but less operating costs occur due
to easier maintenance. A pull-out VLSP is illustrated in Figure 11 on the next page.
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Figure 11: Pull-out design (Andritz — Vertikale Rohrgehdusepumpen)

3.5.3 Impeller

The impeller transfers the rotating energy to the fluid and increases total pressure.
Depending on the specific speed (nq) and the characteristics of the streamlines through
the impeller, the impeller design is classified as radial, semi-axial (mixed) or axial. With
increasing specific speed, the flow through the impeller changes from radial to axial. In
Figure 12 the different designs are illustrated.
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/\ /Tler Sh% Impeller shrouds
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Hub Vanes Hub N Vanes Huu.&anﬂﬁv“"as i / Axis of
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[=] [=-] o [=
g 8EE8E & & § § ggEEEE § ¢
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Valuaes of specific speeds

Figure 12: General impeller types (ANSI/HI 1.3, 2013, p. 12)
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The characteristics of the pump curve mainly is a function of the specific speed, hence, of
the design of the impeller. With increasing specific speeds the steepness of the pump
curve increases, which is illustrated in Figure 13. The axial type (high specific speed) has
a steeper pump curve than the radial one (low specific speed). The high specific speed
has a distinct instability in the pump curve, hence, this limits the operating range when
impellers with high specific speeds are used.

The efficiency curve of a low specific speed pump at the maximum efficiency is flatter
than a high specific speed pump where the efficiency decreases fast after the maximum.
This systematic is illustrated in Figure 13.
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Figure 13: Pump- and efficiency curves as a function of the nq (Jaberg, 2012, p. 403)

In Figure 14 the power consumption as a function of the specific speed and the specific
flow are illustrated. The most important information in this picture is that low specific
speed pumps have the lowest power consumption at flow rate zero. Contrary, high
specific speeds cause the highest power consumption at flow rate zero.
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10 g 15

Figure 14: Power curves depending on nq (Jaberg, 2012, p. 403)

3.5.3.1 Fixed blade

3.5.3.1.1 Radial

Radial flow impellers are designed to be used for high head and low flow rate
applications. The fluid leaves the impeller in perpendicular direction to the shaft. This
type has lower specific speeds in the range from nql0 to ng50. (ANSI/HI 1.3, 2013, p.
12)

3.5.3.1.2 Semi axial (mixed)
This type is the transition between the radial and the axial impeller types. The semi
axial hydraulics are from nq 50 (ns182,5) to nq 170 (620,5) (Gdilich, 2013, p. 108).

Mixed flow impellers are often used because of economic reasons, to suit the needs of
applications where these kinds of pumps are used, wet pit or deep well applications.
Hence, the pump is built in smaller shape and no onion shaped, or so called pot design.
The guide vane housing is directly connected to the column pipe.

The tangential speed of the impeller is limited to 25-30m/s due to cavitation reasons.
Thus, a mixed flow impeller maximum head is 60m, hence for higher heads the pump
must be designed in a multistage way. (Hellmann, 2011)

Adjustable blades are not possible with a mixed flow impeller; hence, pre-swirl regulation
is used in this case. This is described in detail in Chapter 3.5.3.3.3.
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3.5.3.1.3 Axial

As the flow rate increases and the head decreases, axial impellers are used for such
applications. The fluid flow is in parallel to the shaft centerline. (ANSI/HI 1.3, 2013, p.
12) This impeller type starts from nql60 (ns586), hence, this type has the highest
specific speed. The axial impeller is an impeller which can be designed with fixed blades
or adjustable blades with manual or automatical adjustment. The difference and the
functionality of the adjustable blades are described in Chapter 3.5.3.3.

Pumps with a high specific speed start operation with open valves — to avoid high power
consumption at the zero-flow point and an overload of the motor. This is illustrated in
Figure 14. Thus, bypass regulation or a frequency converter is often used to start the
operation of the pump. Especially the suction conditions are crucial for axial impellers. If
the suction design is not correct, the power consumption and the head at zero flow can
increase substantially, which results in an overload of the motor. The importance of the
suction conditions and the different possibilities are described in Chapter 3.5.5.

3.5.3.1.4 Closed / Semi-open / Open impeller

Radial impellers are mainly closed types. This means that a shroud is attached to both
sides of the impeller vanes, these are the most common types. The high-pressure side is
separated to the low-pressure side with narrow clearances at the so-called wear rings.
(ANSI/HI 1.3, 2013, p. 13) This reduces leakage in the pump and increases efficiency.

The disadvantage of a closed impeller is the unequal pressure distribution on each
shroud. (Hellmann, 2011)

The mixed impeller is either semi-open or closed. Up to heads of 15m and a clean fluid
the mixed impeller can be designed semi-open. Hence, the front shroud is relinquished.
(Hellmann, 2011, p. 160) To maintain efficiency comparable to the one of a closed
impeller, the impeller should have narrow clearances between the open surface and the
so-called front liner. (ANSI/HI 1.3, 2013, p. 14) This gap is set with the adjusting nut,
which is described in the next Chapter 3.5.3.2. To reduce the gap losses, for higher heads
a closed Impeller is recommended. (Hellmann, 2011, p. 160)

In case that the pumped fluid is soiled, a semi-open impeller is recommended. The free
ball passage diameter is important for bigger containments, for non-clogging applications.
(ANSI/HI 1.3, 2013, p. 14)

The axial impeller is only available in open design.
This means that this type has no front and back shroud, hence the axial force is the
lowest of all types. (ANSI/HI 1.3, 2013, p. 14)
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3.5.3.2 Impeller gap adjustment
To adjust the impeller axially and set the clearance to the desired value, an adjusting nut
or a rigid adjustable coupling is used. Adjusting the Impeller clearance is especially

important for mixed-open impellers.
The rigid adjustable coupling is described in Chapter 3.5.11.

The location of the adjusting nut depends on the location of the axial thrust bearing. If
the axial thrust bearing is located inside the pump head, the adjusting nut is on top of
the axial thrust bearing casing, see Figure 15. This adjusting nut is mainly a lock nut

with a lock washer.

adjusting nut

Figure 15: Adjusting nut (Andritz, internal source)

If the axial thrust bearing is integrated into the motor, the adjusting nut is located on
top of the motor. This is illustrated in Figure 16. The motor has a hollow shaft and the
pump shaft extends through the motor. The self-release coupling and the locking arm

ensures that no reverse rotation occurs.

Pum

p.
Head Shaft
Adjusting———__

Nut =

Self release
coupling

Locking

K™ o
arm/ -

Figure 16: Hollow shaft through the motor (Bloch & Budris, 2010, p. 307)
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3.5.3.3 Change of the pump curve

To change the characteristic pump curve, three ways are possible to achieve flexibility —
by adjusting the blades, by means of a frequency converter to control the speed or the
pre-swirl regulation. Adjusting the blades is described in Chapter 3.5.3.3.1, the speed
control is described in Chapter 3.5.3.3.2 and the pre-swirl regulation in Chapter 3.5.3.3.3.
Additionally hydraulic torque converter and spur or planetary gears are possible to use.

Flexibility is needed to adapt the duty point as of tidal fluctuations, changes between
day/night or summer/winter operation.

To compare adjusting blades with the frequency converter, Diagram 2 illustrates both
characteristic maps. It can be seen, that speed control is better for variations in head and
blade adjustment for higher changes in the flow rate.

H[m]
2% 30 32

26

24

20 22

8

16

14

Head H [m]

0 2 2
ANDRITL Q [w*s]

Hrdre Flow rate Q [m?¥s]

Diagram 2: Characteristic map for adjustable blade and speed control (Andritz, internal source) —

(source modified)

In the following chapters the different flexibility options are described in detail.

3.5.3.3.1 Manually/Automatically adjustable blades

Diagram 3, illustrates a characteristic map of adjustable hydraulics. In fact, with
adjustable hydraulics it is easy to react to flow rate changes. Each pump curve, which are
shown in black, is a function of the blade angle. Due to the change of the angle, the
NPSH and the efficiency change as well.
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Diagram 3: Characteristic map of an adjustable blade hydraulic (Andritz, internal source)

The adjustable blades are either manually adjustable blades or during operation
adjustable blades - so called automatically adjustable blades.

3.5.3.3.1.1 Manually adjustable blades

The manually adjustable blades are fixed with a pin after the desired angle is adjusted,
illustrated in Figure 17. The angle can be adjusted, when the machine is not running — in
case the duty point has changed. This is mainly used for standard pumps to create a
characteristic map with one blade diameter.

Figure 17: Separately mounted impeller adjustable blades (Andritz, internal source)
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3.5.3.3.1.2 Automatically adjustable blades

This is to change the blade angle of the impeller during operation, to react to changing
conditions. This option is often used in power plants for cooling water purposes because
of changes in water flow rate and head, especially within day and night operation or tidal
fluctuations.

The automatic adjusting device has clear advantages when there are substantial changes
in delivery flow rate. The impeller blade angle varies up to 15° between minimum and
maximum. Each blade position accompanies an own pump curve because of changed
velocities. The biggest advantage is the possibility to react to changing conditions during
operation. According to that the efficiency can be optimized or the duty point changed.
(Andritz — Vertical Line Shaft Pump)

To enable the adjustment, the outer and the inner blade profiles, as well as the housing
and the hub, are shaped in concentric bowls. This is hydraulically not the best shape and
the gaps are bigger off the duty point, which reduces the efficiency. (Hellmann, 2011, p.
164)

The disadvantage is the higher design and manufacturing effort and according to that
the higher costs. Another disadvantage is that adjustable blades are only possible for
high specific speeds, thus for axial- and mixed flow impellers. The advantage is the
gained flexibility and that there is no permanent energy input needed for the adjusting

mechanism.

There are 2 ways to adjust the blades, with a hydraulic piston or with an axially
adjustable rod within a hollow shaft.

The first option is altering the blades with a hydraulic piston inside the blade hub.

The shaft has axial holes, where the oil is pumped into either hole, to adjust the servo
cylinder axially. The adjusting lever of the blades is attached to the servo cylinder with
linear guides. These linear guides convert the axial movement into a rotation of the
blades by angular positioned slots. The piston stands still and is pressurized on both
sides of the piston. Each part is described and illustrated in Figure 18.
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Figure 18: Impeller adjustment with piston (Andritz, internal source)

Piston

Linear guide

The second option is shown in the following Figure 19 and 20. The axially adjustable

rod is incorporated inside a hollow shaft and is commonly powered by a mechanical

thread drive or a hydraulic piston at the top of the pump. (Hellmann, 2011, p. 164)

adjusting drive

pump shaft
adjusting rod

Figure 19: Drive options for adjusting rod
(Hellmann, 2011, p. 164) — (source modified)
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Figure 20: Adjustable blades (Hellmann, 2011,

p. 164) — (source modified)
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3.5.3.3.2 Speed variation

As already mentioned, the speed variation with a frequency converter is another option
to react flexible and change the duty point according to changed conditions and to use
the best efficiency point but the speed variation is, on the contrary to the adjustable
blades, only used when the water level varies. In Diagram 4, there is a typical
characteristic map for pump curves changed with speed variation illustrated. Each pump
curve and the NPSH is a function of the speed.
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Diagram 4: Speed controlled pump curves (Andritz, internal source)

The speed variation is appropriate for pump curves with mainly dynamical portion.
(Jaberg, 2012)

The advantage is that speed control can be used for all specific speeds.
The disadvantage of the speed variation is the high cost, especially for high power
consumption, the permanent power consumption for the speed controlling unit, the
higher required space and the required air conditioning. (Andritz, internal source)

There are 3 options possible:

e Change of the pair of poles
e Change of the slip
e Change of frequency

The options of changing the pair of poles and changing the slip are not the preferred
methods, because of too high changes in speed between the different numbers of pole-
pairs and by changing the slip the losses a pretty high. (Hellmann, 2011, p. 61)
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The most common option is the change of the frequency with the frequency converter. In
Diagram 5, the torque depending on the shaft speed for different frequencies is
illustrated. With change of the frequency the torque stays the same.
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Diagram 5: Speed variation options (Hellmann, 2011, p. 61) — (source modified)

3.5.3.3.3 Pre-swirl regulation

A pre-swirl regulation enables a variation of the head. This is realized with a guide vane
with adjustable blades in front of the impeller. This is used for all pumps, but high
specific speed pumps have the highest effect. The pre-swirl regulations result in lower
efficiency, higher cavitation-sensitivity and a higher blade load. (Jaberg, 2012, p. 428)
The design of a pre-swirl regulation is shown below in Figure 21.

Guide Vane

Impeller

Pre-Swirl
Regulation

Suction Bell

Figure 21: Pre-swirl regulation (Hellmann, 2011, p. 78) — (source modified)

3.5.3.4 Impeller assembly
The impeller is either with a feather key or with tapered collets assembled.

The tapered collets are used for lower cost VLSP. (Bloch & Budris, 2010, p. 357) But the
impeller is not clear axially positioned. In Figure 22, the mounting with a tapered collet
is illustrated.
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The common assembly of an impeller is with a feather key and a split thrust ring or a
shaft shoulder. This is due to longer maintenance free operation (Bloch & Budris, 2010,
p. 357). A keyed impeller is illustrated below in Figure 23.

Figure 22: Tapered collet (Bloch & Budris, Figure 23: Keyed impeller (Bloch & Budris,
2010, p. 357) — (source modified) 2010, p. 357) — (source modified)

3.5.4 Single- and multistage design

The VLSP is designed as a single stage as well as a multistage pump. The criterion if a
multistage pump is used are the NPSH and the total head. The NPSH limits the
maximum head per stage. If the NPSH,, is higher than the NSPHuime, a multistage
pump with a smaller impeller diameter must be used, hence, with a lower NPSH,e,.

The total head of a multistage pump is the sum of the head per stage, while the flow

remains the same.

3.5.5 Suction

To ensure a good operation of the pump the inflow must be consistent and free of any
interference, hence, the suction design is a very important issue for vertically suspended
pumps.

The energy transfer of specific low speed pumps is conducted by an energy transfer
according to the centrifugal effect. For specific high speed pumps this is done by current
redirection at the blades. Therefore, especially axial vertically suspended pumps react
sensitive to bad suction conditions. (Hellmann, 2011, p. 329)

Following 3 criteria are relevant for a good suction inflow:

e Swirl free suction
e Consistent velocity distribution
e Vortex free (Hellmann, 2011, p. 329)
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The swirl at the entry is either a counter- or an identical swirl. Both are harmful for the

efficiency, increase the head and the power consumption. To have a swirl free suction

anti-vortex ribs (Figure 28 and 29), comb flow straightener, floor cones or floor splitter
blades at the bottom of the entry are used (Figure 25). (Hellmann, 2011, p. 329)

The initial pump impeller design assumes a consistent velocity distribution. This

means that the actual distribution is between a rectangular velocity distribution and a
fully developed turbulent current. With different interferences this distribution is
disturbed, for example due to depression at built-in installations, any flow redirection
(elbows) or flow separation. The more the distribution is disturbed, the simulated and
measured pump data will not occur. Even if the distribution is not rotational-symmetric,
vibrations will arise. (Hellmann, 2011, p. 330) A consistent velocity distribution is
achieved with a nozzle, which accelerates the fluid and even-distributed resistances in the
current area. This is accomplished in a vertical pump with an acceleration suction elbow
(Chapter 3.5.5.2) or a suction bell (Chapter 3.5.5.3). Regardless, the fluid redirection is
an issue for a vertical pump and the disturbance by that get minimized with the sump
design.

Vortices sprout in shear flows and positions with a high velocity gradient. These are
classified in sub-surface- and free surface vortices. (Hellmann, 2011, p. 331)

The strength of the free surface vortices varies from a surface swirl to a full air core. The
sub-surface vortices are classified in swirl, dye core or air core (bubbles). (Illustrated in
Figure 24)

Vortices which last into the pump intake disturb the performance and the operation of
the pump. These are full core vortices terminated as a free surface- or a sub-surface
vortex. A swirl disturbs the performance, the head and the flow rate of a pump.
In addition to that, the vortices are mostly transient and result with varying performance
in vibration, sound and in mechanic stress at the impeller.
Depending on the rotational velocity, even a vapour or gas core may occur. (Hellmann,
2011, p. 331)
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Figure 24: Classification of free surface and sub-surface vortices (Hydraulic Institute — 9.8, 1998)
To avoid full air core free surface vortices and sub-surface vortices:

e the submergence S is increased (see Figure 26)

e improvement of the inflow to avoid rotation and velocity gradients

e covering the vortex vulnerable area with a ceiling

e installation of swirl avoiding parts such as splitters, rips at the entry, with
floor cones at the bottom (see Figure 25) (Hellmann, 2011, p. 331)

With installations inside the sump, covering the vulnerable area and/or a suction elbow
the required submergence can be reduced. (Hellmann, 2011, p. 331)

The suction of air swirls (Free surface vortices) depends on the submergence as already

mentioned. In Diagram 6, the principle of the minimum submergence is illustrated. The
minimum submergence in area I ensures that the bottom bearing is already lubricated
with water during start-operation. This depends mainly on the pump design. In area II
the minimum submergence secures the pump against the air core vortices. In this area,
the minimum submergence depends on the fluid velocity at the suction. At the area III
the NPSH.., is decisive, to ensure a cavitation free operation. (Sterling STHI, 2000, p.
113)
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Diagram 6: Min. submergence / flow rate (Sterling STHI, 2000, p. 113)

The Hydraulic Institute has already carried out some investigations about minimum
submergence. To define the diameter of the suction bell inlet dg, the Hydraulic Institute
has experimentally examined that, depending of the flow rate and a recommended speed
at the inlet of the suction bell, a certain bell inlet diameter is recommended. This is

illustrated in Diagram 7 and 8.
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Diagram 7: Recommended suction bell inlet diameter 1 (Hydraulic Institute — 9.8, 1998, p. 30)
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Diagram 8: Recommended suction bell inlet diameter 2 (Hydraulic Institute — 9.8, 1998, p. 30)

The calculation of the minimum submergence according to HI is executed with Equation
1 to 3 below. This systematic is also illustrated with Diagram 9.

The v; is calculated with the Equation 1 below:

o=
ST dpixm
4

Equation 1: Fluid velocity

vy Fluid velocity [m/s]
Q Flow rate at the optimum [m3/s]
de  Outer diameter at the suction bell inlet  [m]
To calculate the minimum submergence the following formula according to HI is used:
Smin = dg X [1 + 2,3 X Fp]

Equation 2: Minimum submergence (Hydraulic Institute — 9.8, 1998, p. 32)

Smin  Minimum submergence [m]
Fp Froude number -]
g Gravitational constant [m/s?]
The Froude number is calculated according Equation 3.
vS
Fh=—2>
P (g xdg)°S

Equation 3: Froude number (Hydraulic Institute — 9.8, 1998, p. 32)
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Diagram 9: Minimum submergence to minimize free surface vortices (Hydraulic Institute — 9.8, 1998, p.
33)

The sub surface vortices are not avoided with the proper submergence. The determinant
factor for sub surface vortices is the water volume or the clearance below the suction bell.
If the clearance is too high, the water volume below will excite by the impeller rotation
and start to swirl. Sub surface vortices are only avoided with a proper sump design and
installations below the suction bell, such as a floor cone, splitter blades and others, which

are illustrated in Figure 25.

3.5.5.1 Sump
The design of the pump sump is very important. It is a chamber to accommodate a swirl

free and consistent suction from all sides and a proper design will prevent sub surface

Daniel Fleck 29



General

vortices. A wrong designed or a suction without a chamber result in cavitation, vibration,
less efficiency and higher zero-flow head (Hellmann, 2011, p. 79).

The chamber is designed with different installations on the floor or wall. The different
possibilities are illustrated in Figure 25. All these installations can be used in
combination or separately. These installations prevent rotating of the water volume below
the suction bell and must be used individually according to the site conditions. When
installations such as corner fillets are placed in the chamber, the recommended
submergence can be reduced. The ground view of the chamber is either rectangular or

round.

A - Wall splitter plate B - Floor splitter plate

050

.50

F - Back wall fill

.60
0.5D

Q.50

G - Side wall fillets H - Center splitter | - Btrainer with
guide vanes

Figure 25: Installations to prevent sub surface vortices (Hydraulic Institute — 9.8, 1998, p. 51)
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For the chamber itself, the Hydraulic Institute has investigated with model witness tests
the best dimension for a sump design. The main dimensions are shown in Figure 26. An
optional “travelling through flow screen” prevents large compartments entering the sump
chamber. The chamber width is defined with twice the suction bell diameter but this can
be adjusted by case, if the velocity extends the mentioned 0,5 m/s. S as the minimum
submergence is, as already mentioned, calculated with Equation 2. The distance B from
the back wall is recommended with 0,75 times the suction bell mouth diameter. The
clearance which is also important for sub surface vortices is recommended with 0,3 to 0,5

times the suction bell diameter.
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Figure 26: Sump dimensions (Hydraulic Institute — 9.8, 1998, p. 3)

3.5.5.2 Suction elbow

The suction elbow is designed as an acceleration elbow to have a consistent velocity at
the inflow and to reduce disturbances. The best inflow condition is when inside the elbow
the fluid velocity is increased by 2-4 times of the pipe current. Such acceleration elbows
are also realized with transition-profiles starting with a rectangular and ending with a
circle. (Hellmann, 2011, p. 332) This is shown in Figure 27.

Usually a formed metal sheet suction elbow is used (Figure 27) but for bigger VLSP’s a
concrete suction hose, or so called Kaplan suction elbow, is applied as well (Figure 33).

These designs are used when the suction chamber width is lower than twice the suction

bell diameter, as recommended in Figure 26.

Daniel Fleck 31



General

pump

suction bell
with anti-vortex ribs

inled acceleration elbow

pipe flow

Figure 27: Inflow acceleration elbow (Hellmann, 2011, p. 330) — (source modified)

3.5.5.3 Suction bell

The suction bell is designed as a nozzle with the purpose to accelerate the fluid. The
acceleration of the fluid reduces irregularities of the velocity distribution. Especially the
velocity distribution is very important for good inflow conditions. The high specific speed
hydraulic is susceptible for irregularities of the inflow. (Hellmann, 2011, p. 78) The loss
coefficient of the inflow through a suction bell is ¢=0,05. (KSB, 2005, p. 24)

The suction bell is either casted or fabricated.

guide vane
impeller (

suction bell

with ani-vortex
ribs

Figure 28: Suction bell with anti-vortex ribs Figure 29: Anti-vortex vanes (Flowserve VCT,
(Hellmann, 2011, p. 78) — (source modified) 2008, p. 4)

If the inflow has a swirl, anti-vortex ribs are needed to reduce the swirl and improve the
inflow  conditions. The anti-vortex ribs work as a flow straightener.
The anti-vortex ribs design is as a spider (Figure 28) or only as vanes inside the suction
bell (Figure 29).
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3.5.5.4 Bell bearing bushings

Typically the radial bearings are located between the motor and the impeller. The
impeller deflection is a critical factor for the shaft design. To reduce the impeller
deflection, a bottom bearing (bell bearing) can be additionally used. This is illustrated in
Figure 30. Additionally, the support of the bearing works as an anti-vortex rib.
Often additionally a sand collar is installed to prevent grit entering the bell bearing.

Figure 30: Bell bearing bushings (Flowserve VCT, 2008, p. 5)

Another advantage of such design is, due to reduced flow area, the higher velocity of the
fluid and a more stable pump curve. The in-stationary vortex swirls are carried on with
the higher velocity but to use this effect the inflow area must be significantly reduced.

3.5.5.5 Strainer (basket)

Strainers are optionally mounted at the suction bell to prevent bigger compartments
entering the suction bell. Cone strainers are used for deep well applications. Such a
basket is illustrated in Figure 31.

Figure 31: Basket (Flowserve corporation — VIP, 2014, p. 5)
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3.5.6 Pressure casing

The pressure casing incorporates the guide vanes and directs the fluid to the column
pipe. The purpose of the guide vanes is to transfer the speed of the fluid into pressure.
The pressure casing is mostly casted but is also available fabricated.

3.5.7 Column pipe (Riser pipe)

The column pipe conveys the pumped fluid to the discharge elbow, connects the guide
vane housing with the discharge elbow and supports the integrated slide bearing which
transmits the torque to the impeller. Bearing spiders are located at the column pipe
connection (Bloch & Budris, 2010, p. 361). The length of each column pipe section is
equal to the length of each shaft and the shaft sections are connected with rigid shaft
couplings. Details about the shaft are described in Chapter 3.5.8.

The column pipe is available in different designs and constructions. The column pipe is
either a steel- or a concrete column pipe, this is illustrated in Figure 32 and 33. The steel
column pipe design is more usual. The concrete column pipe design is optionally used for
bigger sizes. When a pull-out design is required a concrete column pipe is a good
solution. The concrete option limits the allowable head to about 40m, hence, for high
head applications the steel column pipe is recommended.

.
=|; 111 . ’ |: 111 :|
N
/ \ v
CHRAF g
, 362
l 7

Figure 32: Steel column pipe (Andritz — Figure 33: Concrete column pipe (Andritz —
Vertikale Rohrgehidusepumpen) Vertikale Rohrgehdusepumpen)
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The column pipe is either flanged (Figure 34) or threaded (Figure 35). The flanged
version is the common one. The threaded version is used for applications in wells, where
small diameters are needed.

According to literature the threaded version is cheaper than the flanged one. (Bloch &
Budris, 2010, p. 354)

T i Y-
- R ]
\ ’
i ] § g
| | X 4
| |
l”L ]
T —il '
L V|
Figure 34: Column pipe flanged (Flowserve Figure 35: Column pipe threaded (Flowserve
corporation — VTP, 2014) corporation — VTP, 2014)

In column pipes, diffusors are used to change the velocity inside the column pipe to the
restricted velocity. This is either done with an outer riser pipe diffusor (Figure 36) or an
inner riser pipe diffusor, or so called, hub diffusor (Figure 37). Both diffusors are flow
separation jeopardised. The angle as a function of the length of the diffusor is
determinant. A 3,5° to 4° half opening angle is recommended.

Hub-Diffusor

Figure 36: Outer riser pipe diffusor (Andritz, Figure 37: Inner riser pipe diffusor (Hellmann,
internal source) 2011, p. 186) — (source modified)

The crucial factor for the diameter of the column is the velocity inside the pipe. To

manufacture a cheaper pump, the velocity must be high, to lower the diameter of the
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column pipe. The minimum velocity speed is set to 2m/s. The maximum velocity is set
to 4,5m/s. Otherwise the losses in the elbow and the column pipes are too high. The
column pipe is not the defining factor according to head loss. The discharge elbow is
more critical according to head loss. The losses in elbows are examined in detail in
Chapter 3.5.10. Furthermore, the customer uses concrete piping after the pump and
therefore, the velocity is restricted to 1-2m/s, hence, after the pump a diffusor must be
installed to reduce the speed, according to customer requirements.

The efficiency loss depending on the head and the flow velocity inside the column pipe is
illustrated in Diagram 10. For this the loss coefficient inside the elbow and the column
pipe was taken into consideration with ¢=0,6. This picture illustrates clearly that if the
pump head is just 10m, the speed inside the column pipe is critical because with a speed
of 3,8m/s the efficiency loss is already 4%. On the contrary, a pump with a head of 55m
can use the range between 2 - 4,5m/s and even with 4,5m/s the loss is only 1%. By
using a higher speed the column pipe is up to 20% smaller in diameter. Thus, the column
pipe speed depends on the head and the acceptable efficiency loss.

100

/
. o] —/
” / i 4 /
. / /
. / /
. / YV /T S
B / vl IRV Z ARy ARz aZaV i
’ ANRRDZERY ANZAN Az draPZdil
N ARRRVARRVd P Y% el
N / // A AT

. VARDZED 0% 7 al
2 A

o

N
\\

H[m]

speed [m/s]

Diagram 10: Headloss / speed inside the column pipe
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The head loss in a pipe is calculated according to Equation 4.

L c?

hopive = A5 X 53y

Equation 4: Elbow head loss

hy pipe Pipe head loss [m]
A\ Pipe loss coefficient ]

L Length of the pipe [m]
D Inner diameter of the pipe [m]
¢ Velocity inside the pipe [m/s]
g Gravitational constant [m/s?]

The loss coefficient A\ is a function of the Reynolds-number determined with the Moody
diagram. The Moody diagram is illustrated in Diagram 11. The Reynolds number
determines if a current is laminar or turbulent. Furthermore, which curve to choose in
the Moody diagram depends on the pipe inner surface structure, if it is smooth or rough.
If it is rough, the roughness extends into the turbulent layer and disturbs this. The
Reynolds number Re is calculated according to Equation 5. The kinematic viscosity 1 is

a function of the fluid type, -temperature and -pressure.

cXD
Re =

1%

Equation 5: Reynolds number

Re Reynolds number B

¢ Velocity [m/s]
D Inner diameter of the pipe [m)]
I Kinematic viscosity [m?/s]
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Diagram 11: Moody diagram (Brenn & Meile, 2013)

3.5.8 Shaft

The pump shaft transmits the torque from the motor to the impeller. Each shaft length
is equal to the column pipe length. The shaft sections are connected with rigid shaft
couplings. Rigid shaft coupling requires precise shaft alignment.

If so used, misalignment will result in vibration, wear and less mechanical seal life. (Bloch
& Budris, 2010, p. 306)

Rigid shaft couplings are either threaded, flanged or a sleeve coupling. The sleeve
coupling is either split (clamp coupling) or not (muff coupling). The advantage of the
muff coupling is cheaper manufacturing but for service reasons the split sleeve coupling is
the better solution.

A threaded coupling requires high axial thrust to align the shafts properly. If the impeller
is hydraulically balanced the shaft coupling must be a sleeve coupling to avoid additional
unappreciated bearing loads resulting from misalignment. (Bloch & Budris, 2010, p. 362)

The critical speed of a shaft depends on the shaft diameter, the spacing between the
bearings and the axial thrust. The critical speed increases with the shaft diameter and
the axial thrust, hence, with the tension. The critical speed decreases with increasing
bearing spacing. A shaft has more than one critical speed, regardless, the pump should
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operate at least 15% below the first critical speed to ensure a sufficient operation. (Bloch
& Budris, 2010, p. 362)

Deep well applications usually design the bearing spacing with 3m but other applications
should not extend the suggested bearing spacing’s according to API610. Diagram 12
illustrates the maximum spacing (Y) as a function of the shaft diameter (X) and the

curves of rotational speed in rpm. The values in brackets are in inches.
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Diagram 12: Maximum bearing spacing (American Petroleum Institute, 2010, p. 95)

3.5.9 Discharge head

The discharge head accommodates the shaft sealing, the motor coupling, the discharge
elbow, supports the motor, and depending on the design the axial thrust bearing. The
discharge head is connected with screws at the foundation plate and deviates the force to
the ground. In Figure 38, a typical discharge head with all the integrated components is
illustrated. The steel foundation plate can also be integrated to the discharge head as
illustrated in Figure 38. A separate foundation plate allows levelling of the pump
discharge head without permanently anchoring it. The pump is removed without
disturbing the foundation. (Flowserve corporation — VTP, 2014, p. 5)

The discharge head is either casted, which is used for smaller units, or welded. The
motor is either directly screwed to the discharge head, or for bigger motors, a separate
motor stand is also possible.
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Figure 38: Discharge head (Andritz, internal source)

The discharge head must be designed stiff to increase the natural frequency and to
eliminate reed resonance. The reed resonance arises when the natural frequency of the
pump is close to the operation frequency. Even when all rotating parts are well balanced,
excessive vibration may occur. (Bloch & Budris, 2010, p. 354) The discharge head may
do its part to increase the natural frequency of the pump assembly. When the natural
frequency and the running speed coincide, the vibration amplitudes are at its maximum
and may damage parts of the pump.

3.5.10 Discharge elbow

The discharge elbow redirects the fluid flow. This redirection causes losses and
disturbances, as already mentioned in Chapter 3.5.5. Since the efficiency of the pump is
not only the hydraulic efficiency (bowl efficiency) - in this pump the efficiency counts
until the end of the discharge elbow - the losses inside the elbow jeopardize the pump
efficiency.

The design of the discharge elbow is according to flow-optimised and cost effectiveness
aspects chosen.

There are some aspects which should be taken into consideration. The following factors

are crucial:

e Curvature radius of the elbow
e Smooth or segmented elbow
e Pipe smoothness
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¥V -
Figure 39: Elbow R/D ratio (DIN EN 10253-2, 2008, p. 24)

The definition of the curvature radius is R/D. The standard curvature radius R/D is

one. With increasing R/D the disturbances according to consistent velocity distribution
are reduced. Additionally, the higher R/D ratio, the less the head losses are. According to
Stepanoff the loss coefficient ¢ of a smooth elbow is decreasing with increasing R/D

ratio. The values for smooth elbows for different R/D ratios are shown in Table 2.

R/D | ¢
1 | 027
125 | 022
15 | 0,17
2 1013

Table 2: Losses in a smooth elbow depending on R/D (Stepanoff, 1957, p. 14)

The law of theoretical velocity distribution states that the product of velocity and radius
is constant. Practically this is just possible with low fluid speed and / or with high R/D
ratios. With normal fluid speeds and little R/D ratios the current starts flow separation
at the inner side of the elbow and vortex occur. (Stepanoff, 1957, p. 6) This is illustrated
in Figure 40.

Figure 40: Current streamlines in an elbow (Stepanoff, 1957, p. 6)

Daniel Fleck 41



General

To reduce disturbances and to suppress flow separation, the elbow should have a big
curvature radius. In addition to that, a higher curvature radius reduces the head losses in
the elbow. On the contrary, the higher the curvature radius the more expensive such an
elbow is.

Up to DN800 smooth 90° angle elbows are available. Above DN800 only welded elbows
are available.

On the contrary, an elbow designed with a sharp 90° angle (Figure 41a), has a loss
coefficient of ¢=1. With installations inside the elbow (Figure 41b) the loss coefficient is
reduced to ¢=0.136 - 0.24, which results in the same loss coefficient as an elbow with a
curvature radius of 1.25. This means the design- and manufacturing effort of
installations inside a sharp 90° elbow is not worth in comparison to a usual elbow with a
curvature radius of 1.25. (Stepanoff, 1957, p. 14)

a b
Figure 41: Sharp 90° elbow without (a) or without installations (b) (Stepanoff, 1957, p. 14)

Welded elbows are designed with a certain number of segments. The loss coefficient of

segmented elbows depends on the R/D ratio, the medially length of each element and the
number of segments. For different R/D ratios and li/D ratios the local loss coefficients
Cioc are shown in Tables 15 to 17 with 3 to 5 welded elements in the appendix. The total
loss coefficient ¢ is the sum of the local loss coefficient (cand the friction loss (. To
summarize, the higher the numbers of welded segments, the higher the R/D ratio and
the higher the medially length lg is, the less the local loss coefficient is.

The head loss in an elbow is calculated according to Equation 6.

2

hv_elbow =¢ X 2xg

Equation 6: Elbow head loss

he epow  Elbow head loss [m]
¢ Elbow loss coefficient ]
¢ Velocity inside the pipe [

g Gravitational constant [m/s?]
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The discharge nozzle is either flanged (Figure 43) or with a plain end (Figure 42),

according to customer requirements.

3
w
Figure 42: Discharge nozzle configuration — Figure 43: Discharge nozzle configuration —
plain end (Sulzer SJM, 2015, p. 3) flanged end (Sulzer SJM, 2015, p. 3)

3.5.11 Motor couplings

The determinant factor if the motor coupling is either rigid or flexible, is where the axial
thrust bearing is located. If the axial thrust bearing is inside the motor, the coupling
must transmit the axial thrust, hence, only rigid motor couplings are possible to use.
Thus, flexible couplings are used when the axial thrust bearing is located inside the
pump head.

3.5.11.1 Rigid motor couplings

These couplings cannot compensate any misalignment of the shafts, hence, if
misalignment occurs, this will result in higher vibrations and wear (Bloch & Budris,
2010, p. 306).

A rigid flanged coupling, as seen in Figure 44, cannot be used for axial adjustment.

g
Figure 44: Flanged shaft coupling (Bloch & Budris, 2010, p. 306)

A rigid adjustable coupling allows adjusting the axial position of the shaft by simply

turning the plate. This plate is either positioned between the coupling halves, which are
illustrated in Figure 45, or below the coupling, which is illustrated in Figure 46.
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Figure 45: Rigid adjustable coupling (Bloch & Figure 46: Rigid adjustable coupling 2
Budris, 2010, p. 306) (Andritz, internal source)

An adjustable spacer coupling may be used for removal of the mechanical seal. During

service the spacer part is removed and the mechanical seal can be maintained without
removing the motor. Additionally, this coupling is axially adjustable with a threaded
plate. This coupling is shown in Figure 47.

Figure 47: Rigid adjustable spacer coupling (Bloch & Budris, 2010, p. 306)

3.5.11.2 Flexible motor couplings

These types can compensate misalignment, which is either caused by angular, radial,
length or combinations of it. Flexible couplings may have shear pins for limiting the
torque e.g. if a short circuit occurs. These flexible couplings are available in different
designs.

3.5.12 Sealing options
The shaft sealing of a VLSP is located at the discharge elbow, where the shaft is

extending through the elbow. This shaft sealing is either a stuffing box or a mechanical
seal, which are rotational sealings.

Daniel Fleck 44



General

3.5.12.1 Stuffing box sealing

The limitation of a stuffing box is the heat conduction. For cooling reasons the stuffing
box must leak. If the stuffing box is not leaking, the packing is burnt. The stuffing box is
only used for environmentally friendly fluids due to permanent leakage. If the leakage is
too high, the stuffing box must be adjusted with the stuffing box gland. The packing
material is either PTFE, graphite, aramid or wool. The stuffing box is used for low
pressure applications and low sliding velocities but there are several elaborate designs
available for high pressure applications as well. High pressure stuffing boxes use cooling
water or a cooling chamber. The stuffing box is usually cheaper than other shaft sealing
options, which is illustrated in Figure 48. All the components of a stuffing box are
illustrated in Figure 48. (Hellmann, 2011, p. 312)

cooling relie
water wate

internal flushing

cooling chamber external flushing

\Wr s

stuffing box casing

stuffing box gland
packing rings

shaft protection sleeve

base ring E W Al
Figure 48: Stuffing box (Hellmann, 2011, p. Figure 49: Stuffing box flushing (Hellmann,
312) — (source modified) 2011, p. 313) — (source modified

The flushing of the stuffing box is either with an internal or an external fluid, which is
illustrated in Figure 49.

3.5.12.2 Mechanical sealing

The mechanical sealing has, in comparison to the stuffing box, a sealing gap
perpendicular to the shaft. Additionally, the mechanical seal requires less space and no
maintaining in comparison to the stuffing box sealing. The mechanical seal is applied for
all sealing pressures and tangential speeds. (Hellmann, 2011, p. 314)

The different components of a standard mechanical seal are illustrated in Figure 50. It
consists of a stationary ring - fixed with a pin, a rotating ring which is tightened to the
stationary ring by a compression spring and the hydraulic force. Between the finished-
machined sliding surfaces is a liquid lubrication film.

The disadvantage of a mechanical seal is when using fluids with particles, the sealing
surface gets damaged. (Hellmann, 2011, p. 314)
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O-ring

anti-
rotation
pin

compression  rotating stationary
spring slide-ring slide-ring

Figure 50: Mechanical sealing (Hellmann, 2011, p. 315) — (source modified)

3.5.13 Axial thrust

The axial thrust in a VLSP is generated due to the hydraulic force of the impeller and
the weight force of the impeller and the shaft. In Figure 51, the pressure distribution of a
closed impeller is shown, whereas the resulting axial thrust is downwards because of
lower suction pressure, the weight force and because of higher pressure at the back area

of the impeller.

]

P1

I

Pz

Figure 51: Pressure distribution on an impeller (Giilich, 2013, p. 607)
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The resulting axial thrust force consists of the hydraulic force, the weight force, the
momentum at the impeller, the force of the suction pressure on the shaft. This is shown
with Equation 7.

Fox =FHydr-l'FW_FI + Fs
Equation 7: Total axial force

F. Axial thrust force N

Z,

[
Fuyae Hydraulic force [
Fw Weight force [N
Fr  Momentum force [
Fs Suction force [N]
The weight force is calculated according to Equation 8, where the weight of the

[ . T T —

impeller, the shaft and the water inside the impeller is summed up and multiplied by the
gravitational constant, which is 9,81m/s?.

Fy = (mIP + Mgpafe + mw) xXg

Equation 8: Weight axial force

m;, Impeller weight [kg]

My Shaft weight k]

m,, Water weight inside the impeller  [kg]
g Gravitational constant [m/s?]

The hydraulic axial force depends on the design of the impeller, hence, of the specific

speed nq. The axial force of a radial impeller is higher than the axial force of an axial
impeller, mainly because of higher possible heads of radial impellers.

For closed low specific speed impellers, hence radial and mixed flow impellers, the axial
force is calculated as mentioned with Equation 9. This equation is only an estimation
formula because the pressure characteristic is not considered. The head H is, depending
on the specific speed, the highest possible head which occurs during operation, to
incorporate the worst-case scenario. This is mostly the head at zero flow. This equation
is just applicable for axially-uncompensated impellers. All the dimensions which are used
in Equation 9 are illustrated in Figure 52.

(dsp2 - dDZ) X T
4

Fyyar = 09X p X gXxXHX

Equation 9: Axial force of radial/mixed flow impeller (Giilich, 2013, p. 613)

Daniel Fleck 47



General

)
7~ |90

Figure 52: Dimensions for a radial/mixed flow Impeller (Giilich, 2013, p. 612)

For high specific speed impellers, hence axial ones, the axial force is calculated according
to Equation 10, where d, is the outer diameter and dp is the shaft diameter.

(df —dp) xm
4

Fryar = 1L1 X p X g X H X
Equation 10: Axial force of an axial impeller (Giilich, 2013, p. 613)

The momentum force due to redirection of the fluid is calculated with Equation 11.

FF=pXxcxAx(cxn)

Equation 11: Momentum force
€ Fluid velocity in axial direction [m/s]
A Flow area [m?]

¢ X7 Fluid velocity perpendicular to the flow area  [m/s]
The suction force is considered with the static head before the impeller, the dynamical

pressure due to the speed and the loss ahead the impeller. The suction force is calculated
as mentioned in Equation 12. The static head is represented for the worst case by the
NPSH,.,. To consider the proper static head the NPSH,, minus the losses should be used.

F, = (NpsH, - % £ x %\ px g x 3T
s * 2xg 2%Xg pxg 4
Equation 12: Suction force
NPSH. Net positive suction head available [m]
vs  Suction velocity [m/s]
[

¢ Loss coefficient
P Density [kg/m?]
The pressure distribution, as shown in Figure 52, is a result of the currents in the back
and the front of the impeller.
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The suction side current is the same for single- and multistage pumps. The gap current
to the suction side accelerates the rotation with %, hence, the pressure decreases in the

direction to the shaft. This is illustrated in Figures 53 and 54.

The pressure side current for a single-stage pump accelerates in the direction to the shaft
with %, hence it decreases the pressure (Figure 53). The pressure side current for a
multi-stage pump throttles in the direction to the impeller outer diameter the rotation
with 2 and raises the axial thrust (Figure 54). This systematics is just applicable
without any axial thrust compensation options. The influence on the characteristic of the
pressure distribution behind, and in front of the impeller, is shown in Figure 55.

Single-stage Multi-s_t__;a_ge

Figure 54: Currents in back and front area of
the impeller for a multistage pump (Jaberg,
2012, p. 135) — (source modified)

Figure 53: Currents in back and front area of
the impeller for a one stage pump (Jaberg,
2012, p. 135) — (source modified)
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Figure 55: Influence of the currents on the axial thrust (Jaberg, 2012, p. 135) — (source modified)

3.5.13.1 Axial thrust bearings
The axial force is absorbed by the axial thrust bearing. This is designed in different

variations.

The axial thrust bearing is either integrated inside the motor or inside the pump-head.

This depends on the customer requirements and economic reasons. The axial thrust
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bearing integrated in the motor is a standard in the USA and results in a more expensive
motor. In Europe, an extra axial thrust pot inside the pump head is preferred.

For the axial thrust bearing located inside the pump head the following bearings are
used:

e Angular contact bearing
e Spherical roller bearing
e Tilting pad bearings

The tilting pad as an anti-friction bearing is used for high thrust applications.

The bearing is either oil or grease lubricated.

3.5.13.2 Axial thrust compensation

® No compensation

The whole axial force is absorbed by the axial thrust bearing. The pump has the
best efficiency without any axial thrust compensation (Hellmann, 2011, p. 36).
Due to the vertical installation of the pump, the axial thrust is sometimes rather
high. Thus, axial thrust compensation should be considered.

e Back vanes

One option to lower the axial thrust is to attach back vanes at the back of the
impeller, this is illustrated in Figure 56. The back vanes accelerate the fluid at the
back of the impeller and reduce the static pressure. The disadvantage of this
design is the higher power consumption since these back vanes work as a pump at
zero flow and decrease the efficiency up to 3%. Back vanes are not applicable with
abrasive fluids. (Jaberg, 2012, p. 138)

IIII HHHHH

Figure 56: Back vanes (Jaberg, 2012, p. 138)
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e Balance holes

The second option is to use back-wear rings and balance holes, as illustrated in
Figure 57. The area of the back-wear ring (xxx) throttles the pressure and inside
the area A the suction pressure is applied with the connection of the balance hole
B. Thus, the area where the high pressure is applied is reduced, resulting in less
axial thrust. Investigations have shown that this is about 75% less. The
disadvantage is less pump efficiency. (Bloch & Budris, 2010, p. 356)

J
q(——- A >i

Figure 57: Balance holes (Bloch & Budris, 2010, p. 356)

3.5.13.3 Lubrication
The lubrication is either with grease or oil. This is done with an oil sump. In Figure 58
such an oil sump is illustrated. Additional oil cooling systems can be applied. The oil

cooling is either executed with a cooling coil or a mantle cooling system of the casing.

Figure 58: Oil sump (Andritz, internal source)
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3.5.14 Radial force

Theoretical the radial force of a guide vane pump is zero, because the fluid flow at the
circumference is symmetric. But due to tolerances and manufacturing errors at the

impeller, a radial force occurs. (Hellmann, 2011, p. 221)

The radial force in a guide vane pump is calculated below with Equation 13. All the
dimensions used for the calculation are shown in Figure 59. The coefficient kgo is for
q*=0 kro= 0,02 - 0,09 and for q*=1 it is krot =0,01 - 0,06. For axial flow pumps b,
corresponds to ds and kep is for this case 0,02 for q*<1,2. (Giilich, 2013, p. 658)

| Doyt

FR=kRXngXHXd2Xb2

Equation 13: Radial force (Giilich, 2013, p. 658) Figure 59: Radial force dimensions (Giilich,
2013, p. 658) — (source modified)

3.5.14.1 Radial bearing types

The radial bearings work with the slide principle; hence, these are slide bearings. The
friction between the bearing and the shaft is minimized with a medium which should
separate the two parts. For slide bearings 2 different types are possible:

e Hydrostatic slide bearings
e Hydrodynamic slide bearings

In hydrostatic slide bearings, the pressure of the fluid to separate the parts, is generated
by an external pump. The pressure in hydrodynamic slide bearings is created with the
relative motion between the shaft and the slide bearing. For VLSP’s hydrodynamic slide
bearings are usually used. When hydrostatic slide bearings are used, the shaft is designed
as an enclosed type, which is described later in this chapter. For the start-up condition,
when the slide bearing is not externally lubricated, special dry start condition slide
bearings must be applied. The usual width to diameter ratio of such radial slide bearing
is 1 to 1,5.

Which slide bearing material is applied depends on the conditions. The different
characteristics of bearing materials are described and assessed in Table 3. 0 means “not
qualified”, 1 “limited qualified”, 2 “qualified”, 3 “good qualified” and 4 “very good
qualified”.
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Table 3: Slide bearing selection and the qualification (Wittel , et al., 2009, p. 536)
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Which bearing material is selected depends on how the radial bearing is designed and
which lubrication is used. If the slide bearing is lubricated with the pumped liquid, which
is the most common solution, the bearing material is mainly plastic or rubber. This is
due to the properties of these materials, the good sliding properties, and the usability for
water lubrication and hence the radial force is low, this type has not to take a high load.
The good dry running conditions of plastic slide bearings are an advantage. The slide
bearings are assembled at the bearing spiders, between the column pipe sections. This
design is called open line-shaft and is illustrated in Figure 60.

Figure 60: Open line-shaft design (Flowserve Figure 61: Enclosed line-shaft (Flowserve
VCT, 2008) corporation — VTP, 2014)

If the slide bearing is lubricated with oil, grease or clean water, a special design for the
slide bearings must be used. This design is called enclosed line-shaft and is illustrated in

Figure 61. This design isolates the shaft from the pumped liquid, which is important,
when abrasive fluids are pumped, hence, reducing required maintenance of the slide
bearings. With this design, often copper cast materials and alloys are used, especially
with higher speeds. This design is also used when the pump extends a certain length and
the used bearings are not proper for dry start-up or cannot be lubricated fast by the
pumped liquid.

When using a hydraulically balanced impeller a cut-less rubber bearing should not be
used inside the bowl. The recirculation flow through the bearing, due to the pressure
difference, will harm the balancing effect, hence, the diameter of the balance holes has to
be increased, which leads to less pump efficiency. Rubber bearings are also not the best
solution for bowl bearings since this type needs higher clearances (Bloch & Budris, 2010,
p. 361).

Due to recirculation inside the bowl slide bearing, the pressure distribution at the back of
the impeller is comparable to a multistage-pump pressure side, resulting in higher axial
thrust.
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3.5.15 API conform design

The American Petroleum Institute (API) is an association of the most important
companies in the oil- and gas sector. The API establishes and maintains the norm
API610, to which all centrifugal pumps, applied in the oil- and gas market, must be
aligned. The vertically suspended centrifugal pumps are classified as mentioned in
Figure 3.

To fulfil the API requirements to use a pump for oil- and gas applications, certain design
rules must be considered. Sometimes a customer even requires an API conform design for
other applications as well.

Generally, all pump curves must be devalued according to the losses in the column pipe
and the elbow. Pumps which handle with explosive fluids should have vent connections
for suction barrels and seal chambers. For the clearances of the impeller and the slide
bearings only certain values are allowed. If a semi-open impeller is used pumps must use
a replaceable casing liner. To reduce shaft deflection the impeller must be located
between bearings, hence, a bearing in the suction bell according Figure 30 should be
applied. (American Petroleum Institute, 2010, p. 93)

The axial thrust bearing, either located in the pump head or the motor, must endure at
least 25000 hours bearing life with continuous operation and 16000 hours with varying
operation. The thrust bearing must be designed to carry the maximum load at any
operating point. (American Petroleum Institute, 2010, p. 69) Each pump should
accommodate two radial bearings and one double-acting axial thrust bearing of one of
the following types:

¢ Rolling-element radial and thrust
e Hydrodynamic radial and rolling-element thrust
e Hydrodynamic radial and thrust (American Petroleum Institute, 2010, p. 56)

All the bushings must be corrosion-resistant and abrasion-resistant. The maximum
spacing between the bearings must be according Diagram 12, to ensure to stay below the
first critical speed of the shaft. (American Petroleum Institute, 2010, p. 94)

Vertical pumps are susceptible for vibration, especially the critical speeds must be
analysed and the pump must be designed with a 20% safety margin between the
operating speed and the natural frequency of the motor support. (American Petroleum
Institute, 2010, p. 94)

The radial bearings are usually lubricated by the pumped liquid, if the pumped liquid is
not suitable an enclosed line-shaft should be used (American Petroleum Institute, 2010,
p. 94).
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The pump should be provided with a device which prevents reverse rotation. (American
Petroleum Institute, 2010, p. 95) This reverse rotating devise is illustrated in Figure 16,

with a locking arm and the self-release coupling.

If the pump is without motor-integrated thrust bearing, rigid adjustable couplings should
be used. If a mechanical seal is used, the rigid coupling must be a spacer type, to replace
the sealing without removing the motor. (American Petroleum Institute, 2010, p. 95)
Vertical pumps should be mounted on a separate foundation plate. (American Petroleum
Institute, 2010, p. 96)

For the shaft sealing system, the API recommends special API-plans.

The pump must be tested fully assembled. A test with only the pressure casing and the
impeller is not sufficient. If required, the pump must be tested according to resonance as
well. (American Petroleum Institute, 2010, p. 96)

The standard, API610 delivers in-depth information.
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4 Market analysis

4.1 Internal market analysis

To conduct a proper market analysis, the most important data is the internal collected
data. This internal data is derived according to experience of the sales force, or due to
documentation with a customer relationship management tool.

Referring to the company’s customer relationship management tool all the inquired,
offered and sold pump sizes are documented and this data is used for an internal
analysis. Pump size means the flow rate and head of a pump. All these different sizes are
illustrated in Diagram 13 and in more detail in Diagram 14. Overall these are 778
different flow rates and head combinations with in sum 2690 number of pumps over a

certain time-period.

It is the fact that not all inquiries, especially of the company’s subsidiaries, are
considered in these analyses and the pictures below. This means that these figures mainly

consider the European market.

It is apparent, that the VLSP is used for different Q and H combinations — the low head
and low flow rate applications with a single stage VLSP pump, the high head
applications with a multistage design, as well as high flow rate applications. The
maximum inquired head is approximately 260m and the maximum flow rate is
approximately 18m?/s. However, mostly this pump is used for heads up to 100m and flow
rates up to 6m?/s, which also is obvious according to the dots in the diagrams on the

next page.
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Diagram 13: Inquired, offered and sold sizes

To evaluate in which range the most sizes occur, the amount of different pump sizes,
according to the power were analysed. In fact, about 612 different pump sizes have had
less than 1 megawatt. These are 78% of all pumps which are inquired and offered. In
Diagram 14 it is visible that most of the pumps are below 60m head and 3,5m?3/s flow
rate.
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Diagram 14: Inquired, offered and sold sizes 1

Diagram 15 shows in detail the quantity of pumps inquired with a third dimension. The
size of the bubbles illustrates qualitatively the amount which was inquired. It is
apparently visible that below 1 megawatt the highest number of pumps are demanded.
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Diagram 15: Amount of pumps below TMW

The distinct Q and H areas for different assigned applications are illustrated in Chapter
4.3 for each.

Secondly, the experience of the sales force according to market’s requirements is taking
into consideration. The internal analysis depicts the most important things for customer
decisions for VLSP pumps. Especially for the smaller sizes, the efficiency is not the
highest valued decision criterion. The most important criterion for selling VLSP pumps
are the price and lead time of the pump. Also, the availability of spare parts, the
company’s reputation and quality are determinant factors. The bigger and higher the
power consumption of the pump, the higher the efficiency and the companies’ references

are valued.

4.2 External market analysis

To validate and supplement the internal analysis, an external market study was
conducted by a market research company. The main results are analysed and outlined in
detail below.

In 2016, about 158.000 vertically suspended pumps were globally sold. The vertically
suspended pumps are split up in different products, which is also mentioned in Chapter
3.3, Figure 3. In Diagram 16 the global pump market for vertically suspended centrifugal
pumps is illustrated. For this market analysis, these are split up in submersible pumps,
discharge through column, double casing and others. Submersible pumps take the biggest
portion of the vertically suspended pump market with 84% of all sold pumps in 2016.
The company also has different submersible pumps and motors in its product portfolio.
The submersible centrifugal pumps have the highest market portion since the pump itself
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is rather cheap and standards are well established. One drawback is that the submersible
motors are quite expensive, the higher the power output is.

The double casing vertically suspended centrifugal pumps have a share of 2% of the total
market. These are mainly used in power plants and are NPSH optimized and especially
designed for closed circuits.

The others capture a 10% market share. This segment includes vertical sump pumps and

vertical in-line pumps.

The vertical suspended discharge through column pump or in this thesis called ‘vertical
line shaft pump’, has a 4% share of all globally sold vertically suspended pumps. This
type is often used for higher depths, higher flow rates and when a dry installed motor is
needed, which is a cheaper pump for a higher output rate.

Global vertically suspended centrifugal
pump markets size by type — 2016
15,6 (‘000 Units)

3.1 10%
0

m Submersible
m Discharge Through Column
= Double Casing

u Others

84%

Diagram 16: Global vertically suspended centrifugal pump market size by type (Infiniti Research Ltd.,
2017)

The global growth rate of discharge through column vertically suspended centrifugal
pumps from 2017-2020 is 7,3%, which means on average an annually growth rate of 2,4%,
which is rather promising. This product growth rate lies above many western countries
annual prospected Gross Domestic Product growth rates.
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Global growth rate of vertically
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Diagram 17: Growth rate of vertically suspended discharge through column centrifugal pumps — 2015-
2020 (Infiniti Research Ltd., 2017)

Vertically suspended pumps are used across different industries and applications. The
major applications are, according to Diagram 18, water and waste water applications in
sum. This is the fresh water supply, -transport, irrigation and drainage, flood control and
waste water. These overall are standing for 50% of all applications. Unfortunately, an
application share for VLSP’s is difficult to evaluate and to have validated data. The
different applications for VLSP’s are analysed in Chapter 4.3 with the processes and the
typical Q-H ranges assigned.

Global vertically suspended centrifugal
pump market by application — 2016

m Fresh water supply + water transport

® Agriculture — Irrigation and drainage

= Flood Control

m Wastewater

® HVACR (Building services)

2%

= Mining (Dewatering, water injection,
electric submersible)

= Chemicals

= Food & Beverages

Geothermal

Diagram 18: Global vertically suspended centrifugal pump market by application — 2016 (Infiniti
Research Ltd., 2017)
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Comparing the yearly potential of approximately 6300 number of pumps with the
internal amount of inquiries, it can be stated that the company might not have access to
all markets where VLSP’s are sold, but bearing in mind that not all inquiries globally in
this analysis were considered.

The segmentation according to power of the vertically suspended discharge through
column centrifugal pumps is executed as illustrated in Diagram 19. The number of
pumps below 1000kW has the biggest portion of all sold VLSP’s. This accounts for 3298
number of pumps of in total 6300 sold last year. Hence, more than 50% of all sold
VLSP’s are below 1 megawatt.

Global vertically suspended discharge
through column pump market size —
performance segmented
(‘000 Units)

0,42
7%

= <1000kW
m 1,000 KW to 1200 KW
21200 KW to 1500 KW
m >1500kwW

Diagram 19: Global vertically suspended discharge through column centrifugal pump market size —
2017 (Infiniti Research Ltd., 2017)
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4.3 Applications

The VLSP is installed in a wide range of different industrial applications. It is used for
different water intake applications, such as power plants, flood control or desalination.
But also as an application for water transportation, for irrigation and drainage as well as
for drinking water and industrial water supply. In Figure 62 below, an overview is
illustrated, where VLSP’s typically are applied. The blue circles illustrate a VLSP
application. In the following sub-chapters and pictures, the different applications are
described in more detail.

WATER ABSTRACTION/FLOOD CONTROL WATER TREATMENT MUNICIPAL SEWAGE TRANSPORT
LAKE / RIVER

, 7 J
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E@E
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Figure 62: Applications (Andritz — Applications, 2017) — (source modified)

4.3.1 Irrigation and water transport

The market concentration for vertically suspended centrifugal pumps will mostly be in
the emerging markets, such as India, China, Brazil, where water applications will be on
the rise, according to the huge population and the increasing standard of living. However,
also “western” countries, like the USA and Japan are in need to increase the water
supply. This is shown with the figures in Diagram 20. Also according to the population
increase, agriculture must be used in areas where it is not actually possible to grow
crops. Climate change causes an additional stint, many agricultural areas would have
been dried out if no irrigation had been used. Diagram 20 below considers all types of
pumps, not only the VLSP, but it gives a hint which countries will invest in the future
for these applications.
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Global top 5: municipal water Global top 5: irrigation

Russia Phillipines
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Japan

USA 137 MEUR

USA
China
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India 496 MEUR

Diagram 20: Industry overview water municipal water and irrigation (Andritz, internal source)

Figure 63 below illustrates the water intake, the water transportation and irrigation
pump, signalised with a dark blue pump sign. The water is saved in intermediate

<

reservoirs to release the water when it is needed.

- /N Irrigation Pressurized

Irrigation
Pump . System

Water
S— :
: Water
o Water intake Transportation
%) Pump Pump Irricat
gation Channel
0_ Reservoir _‘__ Reservoir
7 1 7 2-n
Water

Transportation 8
Pump

Figure 63: Water intake, -transportation, irrigation (Sulzer — Water intake, -transportation and
Irrigation, 2017)

The typical water transport, flood control and irrigation application areas according to Q
and H are shown in Diagram 21. All these typical areas are determined by selected

inquired and sold VLSP’s in a certain time-period.
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The usual water transportation head is high, but this depends on the geodetically height.
The water is pumped in reservoirs, this is done continuously, and that is why the flow
rate maximum is 3m?/s.

70
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Mean flow [m?/s]

Diagram 21: Water transport, Flood control and irrigation Q-H areas

The irrigation head depends predominantly on the geographical location, but since
agriculture is principally possible in flat areas, the geodetical heads are low. The
irrigation is used in areas, where long dry periods during the year occur, thus here
artificial irrigation basins are used.

When taking a closer look at the Chinese irrigation market, 2 regions can be indicated,
where high head and low head VLSP’s are mostly used. The coast and Eastern region of
China (bright green and yellow area) is a chiefly flat area, whereas low head VLSP’s
(<15m) are mostly used for irrigation. The western and central region (red area) is more
an alpine area, where high head VLSP pumps are used for irrigation. This topography
map of China is shown in Figure 64. This information is according to the internal sales
manager and is based on their experience. The influence of the piping system, hence the
head loss in the pipes, is already taken into consideration. Sometimes an irrigation
application will extend, according to the different piping systems, the illustrated flow rate
and head range in Diagram 21.
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Figure 64: Chinese map — topography (weltkarte.at, 2017)

4.3.2 Flood control

The increase of disastrous hurricanes, monsoons and more devastating rain events due to
climate change, flood control applications will a have higher demand in future. The
biggest flood control markets are, as shown in Diagram 22, China, USA and India. As a
note, the application flood control is also covered with other pump types, but it
obviously illustrates the future flood control markets.

The head for flood control is usually low and this is mainly depending on the
geographical location. The water is pumped into the sea or a basin, this also explains the
low needed elevation. The flood control assigned Q-H range is illustrated in Diagram 21.
The flow rate can be rather high since the water has to be transported off fast.

Global top 5: flood control

Thailand
lapan
India
Usa

China

Diagram 22: Global top 5 flood control markets (Andritz, internal source)

The VLSP is typically used for flood control application, because it is a cheap pump
according to pump- and site costs and requires low floor space.
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4.3.3 Desalination

Seawater desalination is getting more important, since drinking water is becoming a rare
good, especially in the emerging markets this will be an application on the rise.
According to companies internal source the Middle East market is the most promising
desalination market, followed by East Asia and Africa.

The VLSP is used as a water intake pump, marked with the blue pump sign in Figure
65. In addition, different high pressure multistage-, axially split case-, end suction pumps

are used for seawater reverse osmosis application.
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Figure 65: Water intake SWRO (Sulzer — Desalination, 2017)

In Diagram 23 it is illustrated in which area VLSP’s are used for water intake for
desalination. To determine the certain area where VLSP’s for desalination are applied,
selected inquiries of a certain time-period were taken into consideration. The dots in
Diagram 23 symbolize each inquiry. The required head is determined by the geographical
area and the process itself. If an additional booster pump is used, the VLSP can also
have lower heads - according to the process. The pre-treatment is also an assertive factor
for the needed pump head. If for the pre-treatment, a sand filter is used, the required
head is lower, because the water travels through the sand gravitationally. If a micro filter
or a Nano filter is used the required head is higher. The flow rate mainly depends on the

plant size.
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Diagram 23: Desalination Q-H areas

4.3.4 Cooling water pump - water intake

The VLSP is often used for the power industry, the Chinese market is here the most
promising one, which is illustrated in Diagram 24 below.

Global top 5: nuclear power Global top 5: thermal power

Belarus* Russia

Russia Germany

Pakistan* USA

[71 meuR]
[2omeur]
[139meue]
UsA india [153mEUR]

- China

China

Diagram 24: Industry overview - power industry (Andritz, internal source)

The VLSP is a pump, which is often used for cooling water pumps, as water intake for
coal fired-, gas fired- and biomass power plants, for geothermal plants and solar-thermal
plants. In Figures 66 to 69 the different power plant applications are shown and marked
with the blue pump sign and the CWP abbreviation. The VLSP is used in this
application for the secondary cycle, the cooling cycle, and pumps the condensated water
to the condensator and dissipates the heat, transferred with water to the cooling tower.
This all power plant applications have in common.

The typical flow rate and head area, where cooling water pumps are used, is illustrated
in Diagram 25. The flow rate depends on the required cooling power. Though usually
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power plants need a high flow rate of cooling water, hence the flow rate up to 18m?/s is
justified. The heads mainly depend on where the plant is located, in comparison to the

water intake and on the cooling system itself.
For the cooling system 2 different systems are used:

e  Wet cooling
e Dry cooling

The dry cooling system works as an indirect one with air cooling. The wet cooling system
is used with fresh water. The heads in a wet cooling system are approximately 5-15m and
in a dry cooling system (cooling tower) 20-35m. (Hellmann, 2011, p. 155)

Cwp
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Diagram 25: CWP — Q-H area

The processes for a gas-fired- and a biomass power plant are illustrated in Figure 66 and
67. The condensate extraction pump (CEP) extracts in both processes the condensate
water from the condenser and pumps it through the deaerator feed water tank. This
CEP pumps are mainly double casing vertical suspended centrifugal pumps (Condensate-
/ Barrel pumps). (Sulzer — CWP for coal- and oil-fired power plants, 2017)

The feed water pump (FWP) or boiler feed pump (BFP) is a multistage pump for high
heads. These pumps drive the feed water from the deaerator through the heaters. (Sulzer
— CWP for coal- and oil-fired power plants, 2017) The process figure for a coal-fired
power plant is illustrated in appendix (Figure 85).
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Figure 66: Cooling water pump for gas fired power plant (Sulzer - CWP for gas-fired power plants,

2017)
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Figure 67: Biomass power plant (Sulzer — Biomass power plant, 2017)

Geothermal plant pumps take the water from a hot thermal source with a so-called
production pump, which can be a special designed VLSP, and transfers it to the heat
exchanger. The cold brine is injected back into the ground by a brine re-injection pump,
which can be a high pressure- or axially split case pump. The hydrocarbon feed pump or
in other applications called CEP, is a double casing vertically suspended centrifugal
pump. The CWP is - as in other power plant applications - a VLSP for water intake, for
the secondary cycle. The whole process is illustrated in Figure 68. (Sulzer — CWP for
geothermal, 2017)
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Binary Cycle Geothermal Plant Organic Rankine or Kalina Cycle
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Figure 68: Geothermal plant CWP (Sulzer — CWP for geothermal, 2017)

There are different types of solar power plants, such as heliostat shown in Figure 69 and

86 in the appendix, or parabolic through (Figure 87). For the power station itself, CEP

and FWP are also used. The circulation pump (CP) - Figure 69 - is a usual end-suction

pump. (Sulzer — Solar power generation, 2017)
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Figure 69: Heliostat with central tower (Sulzer — Solar power generation, 2017)
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The hot/cold salt pump in Figure 86 for the molten salt heat storage, is a special
designed VLSP for this application.

The heat transfer pump (HTF) in Figure 87 is commonly a double suction, volute-, end
suction-, between bearings single stage- or overhung single stage pump. (Sulzer — Solar
power generation, 2017)

4.3.5 Flue gas desulphurization

For flue gas desulphurization, a VLSP is also used as a water intake pump for seawater.
The flue gas desulphurization is used in coal-fired power plants, waste incineration plants
and others, which burden the environment with flue gas. (KSB — Rohrgehausepumpen
von KSB, 2017)

Rauchgas

Reingas :

L.
24 2

. Kamin
Warmetauscher

@ Umgebungsluft

Meerwasserauf-

bereitungsanlage

Absorber

Meerwasser Meerwasserablauf

Figure 70: Flue gas desulphurization (KSB — Rohrgehdusepumpen von KSB, 2017)

The typical application area according to flow and head is illustrated in Diagram 26. The
pumped water must travel through the absorber with a higher head loss, thus the heads
result up to almost 40m. The process is also illustrated in Figure 70. The illustrated area
was determined by selected inquired and sold pumps with this application over a certain

time-period.
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Diagram 26: Flue gas desulphurization Q-H area

The above described applications dedicate the different market potentials of the VLSP.
The product will be focused for water and seawater applications, which are the most
promising, as the market analysis shows as well. VLSP’s will be mainly used for the
following applications:

e  Water supply

e Irrigation

e Flood control

e Desalination

e Industrial water

e Water intake for cooling water

o  Water intake for flue gas desulphurization
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5 Competitor analysis

The competitor analysis carves out the hydraulic mappings and the different available
designs of the competitors.

The internal market analysis, as already mentioned, depicts that for standard sizes and
usual designs the VLSP manufacturers distinguish with low price and low lead time. To
achieve that, many pump manufacturers have a low-cost manufacturing facility and have
standardized their design and the hydraulic sizes.

The standard hydraulic mappings and the standard series of the competitors KSB, Sulzer
and Flowserve were analysed in detail. The standard products and hydraulic sizes of
KSB and Sulzer are described in the following Chapters 5.1 and 5.2. The standard
mappings of Flowserve are shown in appendix 5. The competitors have already
hydraulically standardized a bigger range, up to higher heads and flow rates.

To compare the competitors different design options for VLSP’s and to see whether a
design is standard or optional, three VLSP manufacturers were analysed - Flowserve,
Sulzer and KSB. The result is illustrated in a matrix in appendix 5

The “X” inside the matrix depicts a standard design and if there is “(optional)” added it
is an optionally design feature. If the table is empty, no specific information was gathered
for this design feature, or it is not available as a design option. All this information was
collected with publicly available information from competitors’ product folders, or
companies’ homepages.

The main message of the competitor analysis is that manufacturers of VLSP’s produce
all common designs that are required. The way how different parts are manufactured is
distinct between the competitors e.g. if a discharge head is fabricated or casted. Another
distinct design is how to execute the design e.g. the enclosed line shaft and the sealing of
it. Hence, a company can only distinguish from the competitors with a high technological
product. This especially applies for the design of adjustable blades, multistage and Pull-
out designs, because only a few competitors can handle these. Also, API or NFPA
conform designs are highly recommended. Sometimes a customer requires just the API
conform design without all the documentation and the elaborate certifying process. Since
the certifying process is the most challenging issue in having an API design, it is
important to provide at least the API conform design.

Since the focus of this master thesis was not on the API market, the API conform
designs of the competitors were not especially screened. The analysis, which is needed to
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have a VLSP with an API conform design, was executed and is mentioned in Chapter
3.5.15 (page 55).

The NFPA is a fire protection association and establishes the norm, where the

regulations for firefighting pumps are included as well.

The selected standard design or optional parts, which were determined for the VLSP
within this thesis, are described in Chapter 8.2.

The sales department has gathered, due to their comprehensive market knowledge, which
amount of VLSP’s the competitors manufacture per year worldwide. The Andritz AG is
included in others. This is illustrated in Table 4.

Changsha 1000 pumps
Gaoyou 500 pumps
Wuxi 500 pumps
KSB 500 pumps
Flowserve 500 pumps
Gorman Rupp 500 pumps
Sulzer 300 pumps
Sigma, 200 pumps
Others 1500 pumps
Sum | 5500 pumps

Table 4: Competitor’s number of pumps (Andritz, internal source)

These numbers correlate well to the yearly number of pumps sold which arise in the

external market analysis.

Several other small competitors manufacture VLSP’s in small amounts. Due to large

amounts of competitors, the competition is rather fierce.
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5.1 KSB

KSB has 5 different series for VLSP’s, where 2 series are standardized products for
smaller VLSP’s. These are the SNW and the PNW series. The other series (SEZ, PHZ,
and PNZ) have different additional design options, such as pull-out option, which can
also be seen in the comparison of the different series in appendix 5. The hydraulic
mapping of each pump series is illustrated in Diagram 27. The SEZ, PHZ, PNZ are
designed for higher flow rates in comparison to the SNW and PNW series. None of these
vertical pumps are available in multistage design.

KSB

60

50

—CE7

E3p —PNZ

PHZ

e PN W

20 e S

| |
10
|

0 2 4 & 8 10 12 14 16 18 20
a[m?/s]

Diagram 27: KSB VLSP series

For example, the SEZ is a VLSP with a mixed flow impeller. This series has available in
addition to the discharge configurations, above- and below floor, the between the floor
option. This series is possible as a pull-out design.

The PHZ series has a mixed flow impeller with manually adjustable blades and as option
hydraulic adjustable blades. This series is mainly used for CWP purposes and seawater

intake for desalination plants.

The PNZ series is a VLSP with an axial propeller and is equipped with manually
adjustable blades and optionally with hydraulically adjustable blades. This series is also
mainly used for CWP purposes and seawater intake for desalination plants.

The SNW and the PNW are described in more detail, because for those series also the
different sizes and detailed mappings are available.
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511

KSB-SNW

Figure 71: SN'W-series (KSB — SNW, 2000, p. 4)

The SNW series is a VLSP with a mixed flow hydraulic up to 50m head and 2m3/s flow
rate. The impeller is either an open or closed design. The basic design is shown in Figure

71. This series is just available as single stage pump and without pull-out design. The

series is mainly used for water applications and is not API conform.

The hydraulic mapping of the SNW series is illustrated in Diagram 28. The blue pump

characteristic curves are operating with 1450rpm speed, the green with 980rpm or 960

rpm speed and the orange are operating with 725rpm speed.
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Diagram 28: Mapping SNW series (KSB — SN'W, 2000, p. 2) — (source modified)
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For this pump series, standardized dimensions are available. The first number in the
specification (mentioned in the legend) is the column pipe diameter and the second

number is the impeller pressure diameter.

The pump performance chart is resulting by trimming the impeller. This is illustrated as
an example in Diagram 29, where the numbers 1 to 4 represent a different diameter.
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Diagram 29: Pump characteristic curve SN'W 400-365 (KSB — SNW, 2000, p. 21)
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5.1.2

KSB-PNW

Figure 72: PNW-series (KSB — PNW, 1999, p. 4)

The PNW series is a VLSP with an axial flow hydraulic up to 14m head and 2,5m?/s
flow rate. It is mainly used for water applications and is not API conform. The basic

design is shown in Figure 72.

The hydraulic mapping of the PNW series is illustrated in Diagram 30. The blue pump

characteristic curves are operating with 1450 rpm speed, the green with 960 rpm, the

orange with 725rpm and lastly, the pink ones with 580rpm.
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Diagram 30: Mapping PNW series (KSB — PNW, 1999, p. 2) — (source modified)
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The specification A or B indicates the propeller type and the number describes the
impeller diameter. The pump performance charts are the result of manually adjustable
blades. An example of this is given in Diagram 31, where the numbers 1 to 7 next to the

curves represent a certain angle, which is also listed in the picture.

4000 6000 8000 10000 @ [U.5.gpm]
1 1 ] I I I | |
o
“ 80O f2o0 1600 2000 2400 , 8 [m3/n]
RN 1] N | vinksl|  seer
Hst [m] 12 Ma. | ange |mee passagd— 40
me e _Q 1) W | Angie | seclion de
i [orad] | passage
st 10 iy sl el |32
T 75 mEEE &0
|t 3P r=] 78
8 75 bl T T NN 1 P 24
6 A I 7SI T S 82 T ] 4|15 | =
80 =g 1 J\_:“ sl 13| 2
1 =3 = i} - 16
4 78 1| 8 5
[ o e e 570 -
| 70 1 ;]
2 ! N N = n[%] _
- . A A N
2|3 [ 4] 5] 8
0 — I —0120
B s
o B 1110 % SETL)
] ] —t = 00
70 - e [ "
S R (N "_'~..1_\__“_ | o
60 — = 1 e B
[
o — i N
50 ] Y - 70
= l‘\“‘:,,, n -
- 0
m SREESERE i
; <~ T L =g
S - N N "‘1-;_‘_.\ [~ < ]
Pawg 30 BRES e ™~ 40
i HHET N o
) ASAN __4_|_,5_3 20
10 i | 10
0 I I | 0
200 300 400 500 £00 700 a [1/s]

Diagram 31: Pump characteristic curve PNW A4 400-350 (KSB — PNW, 1999, p. 24)
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5.2 Sulzer

Sulzer has 4 different VLSP series, the SJT, SJM and the SJP. The hydraulic mappings
of these 4 types are illustrated in Diagram 32. These types can be upgraded to fulfil the

APIL.
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m——Culzer SIT
m—Culzer SIM

Sulzer SIP

Sulzer SIT/SIM CWP

Diagram 32: Sulzer VLSP series (Sulzer — sales presentation) — (source modified)

521

Sulzer-SJT

The SJT is a radial/mixed flow impeller. The specific speed nq is between 35 and 110.

The SJT is available as multistage configuration and the pull-out type as an option. The
flow rate is up to 4,3m?/s and the head is up to 110m per stage, which is illustrated in
Diagram 33. The bowl diameter design is up to 3000mm. This type is used for different
water and wastewater applications. The characteristic curve of each pump size is created

by trimming the impeller diameter, which is illustrated as an example in Diagram 34.

The SJT can be supplied with fulfilling the API requirements as well, this series is then

called JTS.
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Diagram 33: Sulzer SJT (Sulzer SJT, 2008, p. 6) — (source modified)
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Diagram 34: SJT example pump curve (Sulzer — sales presentation, p. 9)
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5.2.2 Sulzer-SIM

The SJM is a vertical mixed flow pump. The specific speed range is from 113 to 161.
This pump is mainly used for water and wastewater applications. The flow rate is up to
13 m?/s and head is up to 25m per stage. The bowl diameter design is up to 2390mm.
The SJM is available as multistage configuration (max. 2 stages) and the pull-out type as

an option.

The hydraulic mapping of the SJM is shown in red in Diagram 35. The characteristic
curve of the SJM is enlarged by trimming the outflow angle of the impeller. An example

of this is given in Diagram 36.
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Diagram 35: Sulzer SJM, SJP, SJT/SJM series (Sulzer — sales presentation) — (source modified)
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Diagram 36: SJM example pump curve (Sulzer — sales presentation, p. 15)

5.2.3  Sulzer-SJT/SJM CWP

The SJT/SJM concerns the hydraulical mapping, custom-made for the application as a
cooling water pump in power plants. This hydraulic mapping is illustrated in Diagram
35. The main range, which also almost fits to the internal inquiries for this application
(Diagram 25), is up to 40m in head and up to 26m3/s in flow rate. The impeller
diameters are designed up to 1800mm. This series is optionally a pull-out design.
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5.2.4  Sulzer-SJP

The SJP is a vertical propeller pump. The specific speed of this series is up to nqg280.
This series is mainly used for different water applications. With manually blade pitch
adjustment, the characteristic pump curve is enlarged, which is given as an example in
Diagram 37. The capacity of the type is up to 17m?/s in flow rate and 6m in head. The
maximum pump size is 2120mm. The hydraulic mapping is shown in Diagram 35.
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Diagram 37: SJP example pump curve (Sulzer — sales presentation, p. 21)
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6 Cost analysis

To get a clear picture which costs on project basis consumes the most and how cost
intense different assemblies of a VLSP are, a cost analysis for different realized projects
was conducted. One project was picked as an example and the following diagrams are
according to this project. This chosen project fulfils and represents the below mentioned
constraints. The cost per assembly as percentage of the overall production costs is shown
in Diagram 38. The ABC analysis shall examine which assemblies consume most of the
production and material costs, and to know where the biggest cost saving potential will
be.

The constraints for the analysed and figured costs are:

e No pull-out type

e No adjustable hydraulic

e Single stage

o Materials: impeller — stainless steel or duplex
e Shaft — stainless steel

e Other parts — carbon steel

Pull-out type pumps are more expensive because of the elaborate design and
manufacturing. The pumps with adjustable hydraulics would not be comparable with
normal fixed blades according to costs and the additional required parts.

The specifications of the selected project are listed in table 5. All the costs below are
costs at the subsidiary.

Project X
Q [Mm3/s] 3,06
H [m] 46
Prmotor [KW] 1800
Pull-out no
Adjustable blades no
Materials
Impeller Duplex
Pressure casing Cast iron
Shaft Stainless steel
Other parts Carbon steel

Table 5: Project specifications
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Assembly share of the production costs

Column pipe incl. radial bearing
Suction bell stars, diffusor
3% 5%
Various smallparts
2%

Shaft protection sleeve
1%
Shaft incl. bearings, sealings,
couplings;
32%

Stuffing box
1%

Diagram 38: Assembly share of the production costs

The costs illustrated in Diagram 38 above, represents the production costs per piece. The

costs for patterns are not considered in this figure. These are mentioned in the total

project costs in Diagram 41.

Actually, the percentages on the production costs vary from project to project, but due

to the analysis of several projects, the investigation was that the percentage fluctuation is

only + 4% per assembly for the same specifications as mentioned in Table 5.
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Diagram 39: ABC — analysis
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An additional cost saving potential can be investigated when analysing the weight per
assembly. This is illustrated with the chart below in Diagram 40.

Weight per assembly

B Discharge bend incl. motor pedestal,
fundamental ring

m 5haft incl. various bearings, shaft seal coupling

B Impeller incl. wear ring, IP-cap, thrust disk

M Pressure casing incl. guide vane (guide vane
housing)

M Suction bell

¥ Column pipe incl. radial bearing stars, diffusor

Diagram 40: Weight per assembly

To sum up the results of Diagrams 38-40, the most cost consuming assemblies are the
shaft with couplings and bearings, the discharge bend, and the impeller assembly. This
contributes to almost 80% of the production costs per piece, according to the ABC
analysis in Diagram 39. This can be justified with the weight of the discharge elbow with
a share of 40% of the total weight and the shaft assembly with 19% of the weight. The
assemblies in category B, the pressure casing and the column pipe assembly, cost
approximately 21,6%. The suction bell and the various small parts are not considered to
be high cost contributing only 4,4% of the overall production cost.

Taking a closer look at the shaft assembly (Diagram 38) arises that the shaft itself
consumes the highest cost. The whole axial thrust bearing assembly has the second
highest cost with 10% of total production costs.
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Total project costs

B Production/Material costs
B Pattern costs

M Pump test costs

B Other costs

M Engineering costs

Diagram 41: Total project costs

The total project costs, as seen in Diagram 41, are split up in production and material
costs, pattern-, pump test-, engineering and other costs. The production and material
costs are naturally the biggest portion of a project. The details of the production and
material costs on basis of different assemblies were already illustrated in Diagram 38.
Other major cost factors in a project are the engineering costs with 13% and the pattern
costs with 7% of the total project costs.
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6.1 Cost saving potential

To examine the cost saving potential of the project, the last chapter will constitute as the
basis. As already illustrated in Diagram 41, the main part of the total project costs are
the production and material costs.

The discharge bend takes 24% of the production costs and consumes 40% of the total

pump weight. Thus, there must be a cost saving potential but considering the resonant
frequency of the pump assembly, the discharge bend is a determinant part. Hence, the
high weight is needed that the discharge bend is stiff enough and that there is at least a
20% margin to the operating speed, to be sure that resonance will not occur at any
point. None, or only a marginal cost saving will be possible.

At the moment, the discharge elbow itself is mostly welded in segments. A cost saving
potential is possible, when using a smooth elbow which is bought at a supplier.
According to internal company information this amounts to almost 20% savings of the
elbow. On a project-level this accounts for a 0,35% cost saving potential.

The shaft assembly has the highest portion of the production costs. The stuffing box

takes just 1% of the costs, but currently the stuffing box is designed for each project
specifically, considering using the stuffing box design of other internal pump series, would
save some though not quantifiable costs, due to the series effect of these other pump
series. Comparing the size of this project with an almost identical size of another Andritz
pump series, a potential saving of 7% for the stuffing box could be possible. Thus, on
total project cost basis it is 0,05%.

For the shaft coupling currently clamp type couplings are used. If using a so-called muff
coupling, which is like a clamp coupling but not cut into 2 pieces and without all the
holes, there could be a saving of 15%, according to internal company information. This is
on project basis, with a share of the coupling of 5% of the production costs and a share
of the production costs of 76% of the total costs, then 0,57%.

If for the radial bearing and for the other shaft assembly parts higher amounts are
ordered, the prices may be reduced as well. By standardizing the shaft itself, there could
be an additional potential possible which is not yet quantifiable.

All the casting parts, such as the impeller and the pressure casing may reduce the costs
when higher amounts of the same size are casted. Thus, a standard hydraulic mapping
will help that only certain sizes are casted. Alternative supply chains for casted parts are
not considered within this cost saving potential.
Additionally, the pattern costs account for 7% of the project costs. This can be reduced
to zero when having a standard hydraulic mapping, because then the pattern costs will
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be investment costs and will not debit the project costs. Furthermore,
trimming/adjusting the impeller to a certain degree, will help to reduce the needed
patterns. Thus, 7% cost savings are possible with these standard hydraulic sizes.

Also, the engineering costs debit the project usually rather high e.g. with 13%. Currently,
this product is customer specific engineered and this accounts’, according to Diagram 1,
for the highest development costs. The engineering costs are mainly design-, calculation-
and project management costs. The distribution, which type shares which costs, is
project and size constrained. For this example, the distribution is assumed that the
design and calculation costs account for 66% of the engineering costs, 70% of these costs
may be saved with a standardization of the design and with a standard calculation tool.
The potential 70% savings in development costs are in line with the illustrated savings in
Diagram 1, when the parametric design is chosen. The remaining 30% will still be needed
to adjust the product according to customer requirements, since the VLSP is still an
engineered pump. The 33% account for the project management costs, which will be still
debiting the project, but to a lower extent, with standardized project management
procedures, such as BOM list creation.

Elbow cost saving 0,35%
Stuffing box unit cost saving 0,053%
Shaft coupling cost saving 0,57%
Pattern cost saving 7,0%
Engineering cost saving 6,5%

Potential cost savings 14,5%

Table 6: Cost saving potential

The different cost saving potentials are summarized in Table 6, resulting in a preliminary
total cost saving potential of approximately 14,5%. This represents the potential at the
company’s subsidiary. The potential of a different supply chain for casted parts and
design to cost was not taken into consideration in this calculation.
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7.1 Internal hydraulics

The company has several VLSP hydraulics, non-adjustable and adjustable, to cover all
customer requirements to the best extent. These are listed below in Table 7 and 8.

For standardization, the hydraulics must fulfil several requirements, which are the
following:

e Good operation range (approximately 0,65 Qopt - 1,1 Qopt)

e None, or at least no distinct instability

e Hydraulics which are trim-able / manually adjustable to a certain extent to
enlarge the pump characteristic curve to a pump performance chart

e Low NPSH basin

e High flat efficiency curve

All these specifications are not possible in one hydraulic because of physical constraints,
but it shall work as a guideline. For different hydraulics, it is also important that these
are tested and additionally different important values for calculations and dimensioning

are measured. These are the following:

e Different NPSH - criterion such as incipient, 0% efficiency loss and 3% head loss
e Runaway speeds for shaft calculations

e Axial thrust force with and without compensation

e Trimming curves to a certain extent

e Wear ring gap variation analysis

The company has 7 fixed blade hydraulics, which are listed in Table 7, and 5 adjustable
hydraulics, which are listed in Table 8. The specific speed definition ns come from the
turbine design and hence is used for large scale pumps as well. This is defined with 3,65
times nq. All fixed blade hydraulics are illustrated with ¥, 7, 0 values at Diagram 42.

The different colours depict the different specific speeds. These colours are also assigned
to each ns in Table 7. The range of each hydraulic represents the operating area. The
lower boundary is set by the instability limit or the efficiency loss. The upper boundary
is determined by the efficiency loss. The Diagram 42 shows clearly that the range up to
ns500 is covered with the fixed blade hydraulics.

Trimming is for enlarging the pump characteristic curve to a pump performance chart.
Currently, the company scales each pump size to the desired operation point and does
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not use the advantage of trimming. An experimental trimming test was only conducted
for a few hydraulics but not to the maximum extent.

The trimming is conducted different for each hydraulic. For example, for a radial
hydraulic like the ns145, the trimming can be done by trimming the outer diameter. This
is also done by the competitors, which can be seen at the KSB PNW series in Diagram

31 and at Sulzer SJT series in Diagram 34.

Often also just the area between the two shrouds is trimmed at guide vane pumps to
avoid instabilities at the pump curve, increase the axial thrust at part load and to reduce
the momentum exchange between the main current and the current in the back of the
impeller to the minimum. However, the efficiency loss is bigger when not trimming the
whole surface because the effect of the impeller-friction is a function of d°. (Giilich, 2013,
p. 194)

The mixed flow hydraulics, which are the ns220, ns262, ns346,5, ns382 and ns444, are
mainly trimmed with changing the angle at the outflow area. This can be seen at the
Sulzer SJM series in Diagram 36. Here the efficiency decrease is modest, it only changes
the optimum point of the pump characteristic curve to smaller flow rates. In the KSB
Series SNW the outer diameter is trimmed as it can be seen in Diagram 29, but here a
significant efficiency decrease is visible. Thus, for mixed flow hydraulics different

trimming guidelines are recommended.

Axial hydraulics, as the ns486, cannot be trimmed since the outer diameter is fixed,
otherwise the gap increases and the efficiency will decrease significantly. It is possible to
change the angle of the outflow area by dragging the angle. A significant enlargement of
the pump performance chart is not possible. To create a pump performance chart, the
mixed and axial flow hydraulics are executed as manually adjustable hydraulics.

ns ng flow
145 39,7 Radial
220 60,3 Mixed
262,2 71,8 Mixed
346,5 94,9 Mixed
382 104,7 Mixed
444 121,6 Mixed
486 133,2 Axial

Table 7: Fixed blade hydraulics

Daniel Fleck

93



Mapping

766,5
210

730
200

.
\ =
H-& B8
NIk
gz
I\
§H: PN, R
CH O N
TpylmaY
HE 1/ E:
1M
\

511
140

[[ns2ee ]
"_I_n‘_l‘..

‘ s_incip | = .
IIRRRDEE S|
+ = - |
438
120 ng

n

v
Eisss
A oaem® |

| ]

4015

110

| nsaa6s |___l ns382
| n
L
o_lcm’ 1
HEN
365
100

292
B0

I
ip

ns262

Le =

o_inci

[

nsl145
]

1]
"]
[oaman |
L]

146
40

ns220
L
v~
n
T ——
- a_lcm? |
EEEC
182,5 219
50 60

1095
30

oU‘h

Diagram 42: Overview fixed blade hydraulics
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U is a dimensionless figure and represents the pressure figure. This figure is calculated

AXnXTT
. The

according to the Equation 14, where u is the tangential speed with u =

pressure value decreases as seen in Diagram 42 with increasing specific speed. This
connotes that with increasing specific speed the possible heads are decreasing.

2XgxH
po 22820

uZ

Equation 14: Pressure figure

The value 7) represents the efficiency of each hydraulic.

The value ¢ represents the Thoma-figure and is used to describe the cavitation. This
figure can be defined with the same criterion as the NPSH. In Equation 15 the definition
of 0 is shown. W.is also a dimensionless figure for cavitation and is calculated with the
Equation 16. In Diagram 42 it is distinct apparent that o is increasing with the specific

speed, which is described physically with increasing flow rates.

W, NPSH
°TY T g

Equation 15: Thoma figure

_ 2xgx NPSH

(o
uZ

Equation 16: Cavitation figure

A typical Cavitation characteristic curve, with the different cavitation criteria, is
qualitatively shown in Diagram 43. The criterion incipient (incip), lem?, 0% efficiency
loss (0m), 1% efficiency loss (17) and 3% head loss (3H), are shown at which pre-
pressure these qualitatively occur. The criterion incipient determines when the cavitation
starts. The criterion lcm? is a company internal criterion and describes the cavitation
where 1cm? of the impeller area is covered with vapour.
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Diagram 43: Cavitation characteristic curve (Jaberg, 2012, p. 326) — (source modified)

These 5-adjustable hydraulics are mainly used for cooling water pumps to cover the
required cooling water flow rate for the entire process. The different processes are
described in Chapter 4.3.4 (page 68). The hydraulic adjusting systematic is described in
Chapter 3.5.3.3.1.2 (page 20).

ns ng
317.8 87,1
311,8 85,4
416,7 114,2
536,0 146,8
812,0 222,5

Table 8: Adjustable blade hydraulics

The adjustable blade hydraulics are automatic hydraulic adjustable ones and can also be

used as manually adjustable hydraulics.
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7.2 Preliminary standardization range

According to the collected market and competitor data, a preliminary standardization
range is determined. The internal and external market analysis depicts that most of the
VLSP pumps are below 1 megawatt, inquired and sold globally. Globally, 3298 pumps
were sold in the last year below 1 megawatt, these are, as already mentioned in the
market analysis, more than 50% of all sold VLSP’s.

In comparison, the internal market analysis with the PNW and SNW series of KSB is
shown in Diagram 44. This illustrates well that these two series of KSB would cover most
of the internally demanded range. Additionally, the other series of KSB, as mentioned in
the previous chapter, would cover the range up to higher flow rates. However, these series
are not taken into consideration in the figure below because of additional design features;

such as pull-out unit.

100,00

90,00

80,00

70,00

60,00

50,00

Head [rm]

40,00

30,00

20,00

10,00 4

Mesan flow [m3/s]

Diagram 44: Comparing with KSB

In Diagram 45 the internal inquiries are compared to the hydraulic mapping of Sulzer.
Sulzer covers with its standardized range the complete area of the company’s inquiries.
This comparison shows that Sulzer has already hydraulically standardized a bigger range,
up to higher heads and flow rates. This may also be a result of different or additional

market accesses.
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000

Diagram 45: Comparing with Sulzer

Furthermore, the fact that above 60m head pumps usually are in multistage design and
this limits the standardization up to 60m. Another issue is that above 1m column pipe
diameter, customers often prefer according to service reasons a pull-out type, because
otherwise the required space for maintaining the pump needs to be enlarged and the
limitation of the hall crane must be increased as well. This results in a maximum flow
rate of approximately 2,3m?®/s when the fluid travels through the column pipe with a
velocity of 3m/s. In fact, below 0,2m?3/s and 10m are almost no inquiries, this section is

not dedicated to being standardized.

Taking all these facts into account, a specific area where it is most promising to
standardize the pump characteristic curves of the VLSP can be examined. This
standardization range is illustrated in Diagram 46. For determination of this range, the
internal inquiries were prioritized higher than the competitors standardized ranges, since
the internal inquiries reveal own market access. With this range, approximately 80% of
sold pumps below 1 megawatt are covered. This is a potential of about 2600 pumps per

year only within the preliminary standardization range.
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Diagram 46: Preliminary standardization range

The preliminary standardization range covers parts of all application ranges, where the
VLSP is intended to use, this justifies the selected range. This is illustrated below in

Diagram 47.
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Diagram 47: Comparison standardization range — application ranges

This chosen range, where standard sizes are delivered, is possible to enlarge anytime, if

other ranges turn out to be good as well.
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7.3 Standard mapping

The standard mapping is indicated to realize parts of the cost saving potential as figured
out in Chapter 6.1 and summarized in Table 6. With the standard mapping the pattern
costs are not part of the project costs anymore, these will be investment costs. The
patterns will be used multiple for different projects. Currently, the pump characteristic
curves are scaled to the desired operation point. With this standard pump mapping the
desired operation point is covered by fixed pump sizes. The disadvantage of using fixed
hydraulic sizes is that the pump may be a bit heavier than with scaling exactly to the
desired rated point and the pump efficiency at this point is probably not the highest.

To cover the preliminary standardization range, different hydraulics are used to fulfill
this range with distinct pump characteristic curves. These might be low specific speed
hydraulics, which may be trimmed enough and high specific speed hydraulics which are
manually adjustable.

After different variations and analysis of the hydraulics, the mapping is based on the
following hydraulics:

e nsl4dd
e 1ns220
e ns262
o ns382
e ns812

The ns145, ns220, ns262 and ns382 were chosen because these most certainly can be

trimmed to a certain extent. The ns812 is chosen as a manually adjustable hydraulic.

The trimming is limited according to Giilich to 5% of the outer diameter for guide vane
pumps, when no experimental trimming studies were executed, because the pump curve
becomes instable if the impeller is trimmed too much (Giilich, 2013, p. 194). To know
which hydraulic is possible to trim more than 5% in diameter, an experimental test shall
be conducted. The trimming of the pump characteristic curve is carried out with
Equation 17. The exponent m is hydraulic- and company dependent and is distinct for H
and Q. Gilich suggests an m of 2. For the VLSP mapping the exponents of hydraulics of
another internal pump series are used. These are for m(Q)= 1,5 and for m(H)=2.5.

H/_Q/_ d/2 m
H Q \dy

Equation 17: Trimming law (Giilich, 2013, p. 190)
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The operating speeds are selected to 1490rpm, 990rpm, 740rpm and once to 590rpm,
hence to offer the lowest possible diameter. The highest possible speed with 2990rpm is
not used due to resonant frequency of the pump which should be lower than the
operating speed. These speeds are all operating with 50Hz and with an asynchrony
motor. Each colour is dedicated to a certain speed. Blue is 1490rpm, green is 990rpm,
yellow is 740rpm and purple is 590rpm.

The impeller diameters are determined to be used with different speeds and to save
additional pattern costs.

For the dimensioning of each pump characteristic curve the cavitation criteria of zero
efficiency loss was considered. The NPSH,, is for a VLSP minimum 10m, because of the
ambient pressure. Additionally, this pump is submerged to a certain degree hence the
NPSH,, is bigger than 10m. All the pump curves are scaled to maximum 10m NPSH,.,
The cavitation criterion of zero efficiency loss is especially important when sizing the
pump to about 10m NPSH,., because when dimensioning with the criterion 3% head loss,
there is no safety margin left. But the 3% head loss criterion is very important to be
illustrated on the dimension sheet as well, since this is the most common criterion in the
pump industry and customers may compare the different quotations with the 3% head
loss NPSH criterion.

The zero-efficiency loss NPSH criterion was not measured for all hydraulics in the
hydraulic test, hence a 0,4 /ns diagram is used to estimate the ¢ (07)). This is illustrated

in Diagram 48 below.
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The overview of the preliminary mapping is shown below in Diagram 49. All hydraulics
and all sizes are shown in a simplified display. Each field is indicated for a hydraulic with
different speed. On top of each field the used hydraulic and the speed for this field is
specified. At each point a new pump size is indicated and the lines where the points are,
state the optimum of this pump size. The different gradations of the colours distinguish
the fields.

The biggest diameters, hence the top pump curve of each field is designed to 10m
NPSH,,, as already mentioned. Then the sizes are scaled down along the ns-line with
decreasing diameter to cover the range. Hence, the NPSH would not be a problem for the
smaller sizes.
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Diagram 49: Overall mapping

The values of flow rate, head, efficiency and NPSH, as well as the dedicated diameters,
are listed for each pump size in the appendix 7.

The standardization range cannot be covered to the maximum extent of one megawatt,
because the NPSH limits this. These ranges should be covered with multistage and lower
speeds. The gap on the left might be covered with a lower specific speed hydraulic or
multistage design.

The elaborate display is shown in appendix 7 with Diagram 58. Overall, 138 numbers of
pump sizes are used to cover the standardization range. By using the same diameters of
the same hydraulic with different speeds, for 138 numbers of sizes only 85 different
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patterns are used. In appendix 7 in Table 18-24 all pump sizes are listed, according to its’
specific speed. There is a pump number dedicated to each pump size. The pump number
one starts on top of each field and each dot symbolizes a new pump size. The tables
include the flow rate, head, NPSH.., and the efficiency at the optimum of each pump
size. This is indicated for the full and the trimmed diameter. The suction- and the

pressure diameter is listed in the two most right columns per pump size.
Each hydraulic is shown in Diagrams 50-54 to examine the detailed differences.

In Diagram 50 the ns145 is shown. The ns145 is only used with 1490rpm because with
lower speeds the diameter increases and other hydraulics with higher speed, hence it is
possible to use lower diameters for the same range. The ns145 is used with 11 pump
sizes, these are listed in Table 18. The pressure diameter of the first pump size, hence the
biggest, is 470mm.

In the next Diagram 51, the ns220 is illustrated. This hydraulic is used for the mapping
with the speeds 1490rpm and 990rpm. Overall, the ns220 is applied with 27 sizes. These
are listed in Table 19. The pressure diameters of the first pump size are 510mm for
1490rpm and 710mm for 990rpm. The gap between these two fields will be covered with
the next size, the ns262. This is also the case to offer the best efficiency at almost any
point of the range. The range of the ns262 is shown in Diagram 52. This hydraulic is
used with 1490rpm, 990rpm and 740rpm. The different pump sizes for this hydraulic are
listed in Table 20 and 21. The pressure diameters of the first pump sizes are 510mm for
1490rpm, 680mm for 990rpm and 850mm for 740rpm.

The sizes of the ns382 are illustrated in Diagram 53. This hydraulic is intended to
operate with speeds from 1490rpm to 590rpm. The 590rpm sizes are the same as with
710rpm and hence, no additional patterns are used. Overall, 57 pump sizes are listed in
Table 22 and 23. The pressure diameters of the first pump sizes are 480mm for 1490rpm,
670mm for 990rpm and 790mm for 740/590rpm.

The last applied hydraulic is the ns812, which is an automatically adjustable hydraulic,
but is used for this standardized range as a manually adjustable hydraulic, as described
in Chapter 3.5.3.3.1.1 and is designed as shown in Figure 17. The ns812 range is
illustrated in diagram 54. This hydraulic is used with 990rpm and 740rpm speed,
otherwise the NPSH,., would extend the 10m with higher speeds. All the sizes are listed
in Table 24.
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a standard hydraulic selection tool.

With this standard mapping, in future it is possible to implement the standard sizes into
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8 Standardization concept

To enhance the cost structure, the engineering costs must be reduced, according to the
cost analysis. This is realized with a standard calculation tool and a standard design.

The planned standard calculation tool is described in detail in Chapter 8.1 and the
standard design in Chapter 8.2.

8.1 Standard calculation concept

Establishing a standard calculation will help to reduce additional calculation efforts. The
consistent calculation steps and documenting the results will help gain know-how. For
the beginning, additionally a finite element simulation is executed to adjust the
calculation. Later this is only done for multistage and high flow rate pumps, extending
the standardization range.

The calculation concept for the standardization is illustrated in Figure 73. The mapping
with all the different sizes and the assigned data are implemented in the hydraulic
selection programme. By inserting the desired flow rate and head, the selection
programme will suggest different possibilities to choose from. After selecting the proper
size and hydraulic, this programme will export the required data to the calculation tool
for further calculations. Additionally, the data of the project specification, such as site
conditions, the discharge option and the water levels, should be inserted to the
calculation tool.
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Figure 73: Calculation concept

8.1.1 Minimum submergence

As a first step, the minimum submergence is determined. For this, the diameter of the
suction bell is the dominant factor. The suction bell diameter can be decided with
Diagram 7 and 8. The speed at the suction bell is recommended with 1,7m/s according
to HI. Afterwards the minimum submergence may be determined with the Diagram 9,
or with Equations 2 and 3. If the minimum submergence is higher than the NPSH., the

minimum submergence value is the determinant factor.

8.1.2 Length of the pump

The length of the VLSP is calculated with the depth of the sump, minus minimum water
level, plus minimum submergence. If the floor clearance with 0,3 x Dger-0,5 x Dga is not
sufficient with this length, installations in the sump must be placed (Figure 25) or the
sump should be covered, as these arrangements lower the required submergence. The
calculation of the length is executed with Equation 18. Each dimension is illustrated in
Figure 74.
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min.submergence
NPSH,¢q

length = depth — min.waterlevel +

Equation 18: Length of the pump
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Figure 74: VLSP dimensions

8.1.3 Column pipe diameter

Next the column pipe diameter is selected. The decisive factor for the column pipe
diameter is the resulting velocity in it. Diagram 10 gives a small hint which diameter to
choose. To have a precise decision, the selection is done according to Figure 75. In the
upper diagram only the bowl pump curve and bowl efficiency is illustrated. By selecting
the diameter in a drop-down menu, the velocity in the column pipe and the efficiency
loss to the discharge is calculated. The losses are calculated according to losses inside the
pipe and the discharge elbow. The elbow head loss is calculated, as illustrated in
Equation 6, where c is the velocity inside the column pipe and ¢ is according to the
mentioned ¢ in Chapter 3.5.10.

The pipe loss is calculated with Equation 4. A is representing the pipe friction coefficient,
L the length of the pipe and D the inner diameter of the pipe. For the selected flow rate
and the restricted velocities inside the column pipe, the flow is turbulent and always
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above Re>10°.
this is calculated with Equation 19. This equation is only applicable, if Re>10° and the

Hence, an empirical equation is used for calculating the loss coefficient,

pipe is smooth. If the Reynolds number is lower than this value and the pipe is rough,
the Moody diagram, as described in Chapter 3.5.7, must be used. With Equation 19 the
loss coefficient A\ is calculated iterative starting with the value one. The velocity should

not exceed the constraints of 4,5m/s or 2m/s as the lower limit.

1
1= 2 X log(Re X \/I) -0,8
Equation 19: Prandtl’s resistance law

A\ Loss coefficient ]
Re Reynolds number ]
Simultaneously the corrected pump- and efficiency curve is illustrated below in Figure 75,

according to the head and efficiency loss calculations.
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Figure 75: Column pipe diameter selection
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The column pipe diameter is determinant for the wall-thickness selection. Due to
experience the wall-thickness is selected according the systematic illustrated below in
Table 9.

column pipe diameter [mm] wall-thickness [mm)]
< 1000 8
1000-2000 10
>2000 12

Table 9: Wall thickness systematic

8.1.4 Shaft diameter and spacing

In the next step, the shaft diameter and the bearing spacing are calculated. The
determinant factors for the shaft diameter and bearing spacing calculation are the
torsional stress and the critical bending speed. First the diameter of the motor coupling
is calculated according to torsional stress. This is executed with the maximum hydraulic
power consumption and the operating speed. The allowed torque tension is limited to
40MPa. This limit is according to the experience of the company. First the torque with
the maximum power consumption and the rotational velocity is calculated (Equation 20).
Afterwards the shaft diameter d. at the motor coupling is estimated with the torque and
the polar section modulus according to Equation 21.

P P
T n MW
30

Equation 20: Torque

1

" _(MX16>§
me T\ X 1y

Equation 21: Calculation of the diameter at the motor coupling

[Nm]
P Motor power [W]
@ Rotational velocity [1/s]
dme Diameter at the motor coupling [

M Torque at the motor coupling

m)
71 Limited torque tension [MPa|

The spacing between the slide bearings is calculated according to Equation 22. This

equation is converted from a reference value for a globular supported shaft according to

Roloff Matek. The diameter is taken from Equation 21 and for the speed the runaway

speed ng with a safety margin of 50% is considered because this represents the worst case

scenario.
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122,5 X 10 X d,,,
ng X 1,5

bearing spacing bsp = \/

Equation 22: Bearing spacing calculation (Wittel , et al., 2009, p. 363)

To consider the shaft critical speed and the bearing spacing, the shaft diameter at the
bearing is calculated with the shaft bending. The bending w of a cantilever shaft
according to the weight force is calculated with Equation 23. In Equation 23, the

d*xm
. The
64

law of Dunkerley, mentioned with Equation 24, describes the critical rotational speed
with the bending of the shaft.

modulus of resistance I is calculated for a shaft with the following equation I =

_ (my + my) X g x (bsp + oh) x oh?
= 3XEXI

Equation 23: Bending of the cantilever shaft

1 w

2
W gy g

Equation 24: Dunkerleys law (Wittel , et al., 2009, p. 363)

bsp Bearing spacing [m]
w  Bending [m]
mp  Impeller weight [kg]
my Water weight [kg]
g Gravitational constant [m/s?]
oh Overhang of the impeller [m]
E Elasticity modulus [MPa]
I Modulus of resistance [kg m?]
Wi Critical rotational speed [rad/s]
. i ¥
/1N /N

bsp

Figure 76: Cantilever shaft

The bending Equation 23 is inserted in Equation 24 and results in Equation 25, the
critical rotational speed of the shaft.
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IXEXI
(m;, + my,) X (bsp + oh) X oh?

Wgr =

Equation 25: Critical shaft speed
Ng X1
w =
30

Equation 26: Rotational velocity

Inserting Equation 25 in Equation 26 and considering the speed with the runaway speed

as a worst case scenario, will result in Equation 27. This calculation is considered with an

empirical factor of 3 to include the rigidity of the slide bearings. This empirical factor is

determined by checking the Equation 27 with several realized projects.

4 4 ( o TR ><1T)2 64 x (my, + my) X (bsp + oh) x oh?
5=

30 TX3XE

Equation 27: Calculation of the diameter at the slide bearing

The runaway speed is different for each hydraulic and is measured experimentally with a

4-quadrant test in turbine operation. At the tests a dimensionless factor neq is calculated.

This is illustrated in Diagram 55 as a function of the specific speed.
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Diagram 55: Runaway speed coefficient as a function of the ns

The actual runaway speed is calculated according to Equation 28. Where the head H is

the static head, which is relevant for turbine operation and D is the inlet diameter at the

impeller in pump mode.
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Y, g X Hstatic

= X 60 X

Equation 28: Runaway speed calculation

nr  Runaway speed [rpm]
n.a Factor for the runaway speed ]
Hgie  Static head [m]
D, Impeller inlet diameter in pump mode [m]
8.1.5  Axial thrust calculation

The axial thrust calculation is executed according to the general description in Chapter
3.5.13. For one hydraulic the axial thrust calculation is exemplified.

Equation 7 is the base of the calculation. For the calculation of the weight force,
Equation 8 is used.

The general momentum force equation is mentioned with Equation 11. This is applied for
a certain impeller (Figure 77) and the result is described in detail with Equation 29. The
momentum force is the sum of all occurring at the impeller- at the inlet and the outlet.
The dimensions and the occurring momentum forces at the inlet and outlet are
illustrated in Figure 77.

v Q* N Q? X sina

= X —- X

=P (Dzzxn) P X X% Dy x (D; — D)
7}

Equation 29: Momentum force

Calculating the hydraulic axial thrust force for the standardized range is executed with
Equation 9 for the hydraulic force and Equation 12 for the suction force. This simplified
calculation assumes that the pressure distribution is constant. The calculation depicts the
worst case of the axial thrust. For sizes extending the standardization range, the axial
thrust force calculation is executed with the company’s elaborate axial thrust calculation
tool.
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8.2 Standard design

8.2.1  Structure for standard pumps

standard optional
axial thrust bearing in axial thrust bearing
pump head integrated in motor

standard stuffing box
sealing from another mechanical sealing
pump series

.. — smooth elbow ‘

above or below ground
discharge

flanged column pipes

pres———— muff coupling clamp coupling
different impeller options i
BN
* Radial, mixed and axial ti-vort l T:
—_ » Trimmed/manually anti-voriex vanes

adjusted

bell bearing bushings 5
casted impeller, pressure :

casing and suction bell

Figure 78: Standard design

For standardization of the VLSP it is important to define which parts are standard and
which are optionally available. The standard and optional design is illustrated and
mentioned in Figure 78. The discharge configuration is available above and below floor as
a standard because these are the most common designs. The impeller, pressure casing
and the suction bell are casted because for the standard sizes higher amounts are needed,
hence, casting is cheaper. For the suction bell, standard sizes are available. These are
mentioned next in Chapter 8.2.2. The impellers are offered in different designs depending
on the specific speed. These are trimmed or manually adjustable to reduce the needed
patterns as mentioned in Chapter 7. The suction bell may accommodate optionally bell
bearing bushings to reduce the shaft deflection and anti-vortex vanes, which are
important, especially for high specific speed pumps. The column pipes are flanged as a
standard and in between the radial bearing stars are pressed.
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The shaft assembly and transmitting of the torque is done with a muff coupling as a
standard for the smaller sizes, optionally, the clamp coupling is also available.

The elbow is a smooth version as a standard and the standard sizes are supplied by a
vendor, only the flanges are welded onto. This helps to reduce the costs and the losses in
the elbow are reduced as well.

The shaft sealing is placed inside the elbow, where the shaft is exceeding through. The
standard shaft sealing is a stuffing box. To take advantage of other companies pump
series, parts of the stuffing box assembly are common. Optionally, a mechanical seal is
possible as well, also with the same sizes of the congruent pump series.

The axial thrust bearing is either placed inside the pump head or the motor but as a
standard, it is assembled in the pump head. For the American and Asian market the
integrated axial thrust is preferred. The bearing is an angular contact roller bearing as a
standard. The cooling of the axial thrust bearing oil is realized as standard with a
cooling coil and optionally with a casing cooling system.

The slide bearings are rubber, plastic or composite bearings as a standard. This is due to
good sliding properties and good dry running conditions during start-up. For the slide
bearings, standard sizes across vendors are used, to have the possibility to use different
suppliers.

The standardized VLSP would not be a pull-out version because the design with a pull-
out unit increases the complexity and the costs.

The pump flexibility increases with a hydraulic adjustable impeller and is especially
benefiting at the higher flow rates, hence, for the standardized range this is not used.
The flexibility possibility can be additionally achieved with a frequency converter for the
standard sizes but also not as a standard.

The standard VLSP is not designed as a multistage pump but the parametric design is
executed in such a way that with some additional design effort it can be realized.

The standard materials for each part are dedicated in Table 10.

materials
impeller stainless steel duplex
pressure casing stainless steel duplex
suction bell cast iron stainless steel
shaft stainless steel duplex
other parts carbon steel stainless steel

Table 10: Standard materials

For the rotating parts the material is at least stainless steel or better, e.g. duplex steel.
The operating speeds are between 590rpm and 1490rpm, hence, the circumference speed
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is, depending on the impeller diameter, high. Certain materials, such as grey cast, are not
sustained enough to withstand this high circumference speed according to abrasion.
(Giilich, 2013, p. 1024)

The steel construction parts are selected according to the pumped fluid and customer
requirements.

8.2.2 Parametrization

Currently, the VLSP is engineered customer specific, with the highest costs and time
expenses for this process. As already mentioned in the cost saving potential chapter the
parametric design, according to Figure 1, is selected for the VLSP standardization. This
enhances the design process and fastens up the engineering but also allows remaining
flexible enough for customer requirements. The parametrization helps to reduce the
design time significantly, hence, also reduces the engineering costs.

All the calculated and selected sizes are handed over to the design programme. With the
parametric design these variables feed the programme and design the pump up to a

certain extent.

In Table 11, the standard sizes for column pipes and elbows are noted. These are
determined according to supplier’s information.

. Column Column pipe- /
pipe- /elbow _waII elbow
outer thickness . . R/D
diameter [mm] inner-diameter
[mm] [mm]
DN300 323,9 8 307,9 1
DN400 406,4 8 390,4 1
DN500 508 8 492 1
DN600 610 8 594 1
DN700 711 8 695 1
DN800 813 8 797 1
DN900 914 8 898 1
DN1000 1016 8 1000 1

Table 11: Standard column pipe and elbow dimensions

For each elbow diameter two different types of discharge heads will be needed, below and
above floor, which results in 16 different discharge heads. To reduce the total number of
discharge heads, two elbow diameters share one discharge head size (e.g. DN300/400,...)
Thus, 8 different discharge heads are available, 4 above and 4 below floor.

The abbreviation BS represents the bearing support size. Different dimensions are
assigned to each BS, as can be seen in Table 12 and 13.
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The shaft is available with standard dimensions. The length of the shaft is individual to
fulfil the customer site conditions. The standard dimensions for the drive shaft are
illustrated in Figure 79 and noted in Table 12. The dimension “A” represents the
diameter of the shaft coupling. The shaft coupling is manufactured in-house. “B” is the
diameter for the stuffing box. “C” is the inner diameter dedicated for the angular contact
roller bearing. “D” indicates the diameter of the motor coupling used. These standard
dimensions are selected according to supplier’s data sheets.

A - Shaft Coupling B - Stuffing box with shaft C - Axial Thrust Bearing D - Motor Coupling
profection sleeve

-6—<—0)+—— lT —=—-1- S ——EH-

Figure 79: Drive shaft

DA (shaft | OB (stuffing | OC (axial | @D (motor Max. @
coupling) box) thrust coupling)
bearing)

BS80 85 90 85 80 95
BS95 100 115 100 95 120
BS110 115 130 120 110 135
BS125 130 155 130 125 160
BS140 145 170 150 140 180
BS160 165 180 170 160 190
BS180 190 200 190 180 210

Table 12: Drive shaft standard dimensions

The standard dimensions of the pump shaft are illustrated in Figure 80 and the different
sizes are mentioned in Table 13. “A” represents the shaft coupling diameter and the
impeller fit. “B” indicates the diameter of the slide bearing, which is selected according

to supplier’s information.

A - Impeller B - Slide Bearing B - Slide Bearing A - Shaft Coupling
=0 ]
U e I I | I | SN S /o s— -
=i |

Figure 80: Pump shaft
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OA (shaft coupling/ impeller) (OB (slide bearing)
BS80 85 90
BS95 100 105
BS110 115 120
BS125 130 135
BS140 145 150
BS160 165 170
BS180 190 200

Table 13: Pump shaft standard dimensions

The recommended suction bell inlet diameter is according to HI calculated with the
velocity at the inlet with 1,7m/s. To standardize different sizes the lower and upper
limits are used. These are, as illustrated in Diagram 7, with 0,9-24m/s for flow rates
between Om?/s and 1,4m?3/s and for the flow rate range 1,4%/s to 20m?/s with 1,2-2,1m/s.
The determined standard suction bell inlet diameters are illustrated with Table 14.

Q [m3/s] Suction bell inlet-@ [m]
0-0,22 0,35
0,23- 0,55 0,55
0,56-0,9 0,7
09-12 0,8
1,21-1,6 1
1,61-25 1,2

Table 14: Standard suction bell inlet diameters

First the hydraulic selection is done and the mechanic calculation is executed. After
calculating the main dimensions, the available standard sizes are chosen. These
calculated and selected dimensions are used for the parametric design and are handed
over to the design application. All the dedicated dimensions to each part are transferred

as well e.g. flange dimensions. This process is illustrated below in Figure 81.

Handover of the
parametric values

Calculating and
selecting the

Hydraulic selection

to the design
application

Figure 81: Parametric process
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9 Conclusion

The VLSP is a promising pump for the future. It is the right product for applications

that are on the rise, such as flood control, irrigation and water intake for desalination.

For the standard range the company faces a lot of small and bigger competitors, hence,
the competition is fierce. Mostly the price and the lead time is the determinant factor for
sales decisions, even less than the efficiency. With standardizing the highest demanded
range, the product is competitive again. The evidence for that are the calculated
potential cost savings, which account for approximately 14,5%. This is mainly achieved

by decreased pattern- and engineering costs.

To gain this saving potential the pump mapping and the design should be standardized.
With the standard pump mapping the patterns are used multiple times. For the standard
design the parametric structure was selected, to stay flexible enough for customer
requirements. The parameters are delivered with a standard calculation tool. The
engineering costs and time are reduced with this standard calculation tool and the
parametric design. These factors will contribute to the lead time reduction as well. This

standard engineering process is lean shaped and digitalized.

Having a globally unified product strategy helps to align the supply chain and the cost
benefits of a low-cost country are possible to exploit. Due to standard sizes, and with a
clear product structure, the ease of the variant management may be implemented and

the automatic Bill of Material creation is possible.

The gained know-how of the standard sizes will help to execute the bigger sizes off the
standardization range. The companies’ high level hydraulic- and technological knowledge
will contribute for the demanded bigger sizes. As the competitor analysis depicted that
the elaborate designs with adjustable blades, pull-out- and multistage design is highly

valued.

The parametric pump design will be conducted as a follow up to this thesis.
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10 Appendix

10.1 Appendix chapter 3

Figure 82: 3 elements welded elbow (Idelchik, 1986, p. 302)

¢ for a 3 elements welded elbow
la /D 0 02 104 |06 ] 08 | 1,0 | 20 | 30 | 40 | 50 | 60
R/D 0 024 | 048 | 0,7 | 097 | 12 | 24 | 36 | 48 | 60 | 725

¢ 1,10 | 0,95 | 0,72 | 0,6 | 0,42 | 0,38 | 0,32 | 0,38 | 0441 | 04 | 041
Table 15: Loss coefficients for a 3 elements welded elbow (Idelchik, 1986, p. 302)

Figure 83: 4 elements welded elbow (Idelchik, 1986, p. 301)

¢ for a 4 elements welded elbow
la /D 0 0,2 04 06 |08 1.0 2,0 3,0 4.0 9,0 6,0
R/D 0 037 | 0,75 | 1,12 | 1,5 | 1,85 | 3,70 | 5,55 | 7,40 | 925 | 11,0

< 1,1 10921070 ] 058 04] 03 | 0,16 | 0,19 | 0,2 0,2 0,2
Table 16: Loss coefficient for a 4 elements welded elbow (Idelchik, 1986, p. 301)
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Figure 84: 5 elements welded elbow (Idelchik, 1986, p. 301)

¢ for a 5 elements welded elbow
l./D |02 ] 04 ] 06 |08 ] 10 | 20 | 30 | 40 | 50 | 6,0
R/D | 05 [ 098 | 147 | 19 | 25 | 50 | 7,50 | 10,0 | 12,5 | 15,0

¢ 0,75 | 0,45 | 0,34 { 0,15 | 0,12 | 0,16 | 0,15 | 0,2 0,2 0,2
Table 17: Loss coefficient for a 5 elements welded elbow (Idelchik, 1986, p. 301)

10.2 Appendix chapter 4

Coal-fired Power Plant

,'ﬁ Conveyor
..:‘.‘ {.' (ITI111]

Coal stackpile ¥ Coal hopper

‘ Generator  Transformer

— =P Electricity
Steam
| turbine
’0 FWP Condenssr
Boiler I Cooling -
’OJ '

| CEP CWP

Deaerator

Stack

Figure 85: Coal/oil fired power plant (Sulzer — CWP for coal- and oil-fired power plants, 2017)
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Heliostat with Central Tower and Molten Salt Heat Storage

Solar Island
Solar Hot salt pump
receiver N\
— — . —
Hot salt 7

Heliostat field

Central solar tower
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Steam generator
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< i
N Cold salt
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Power Island
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Cooling
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Figure 86: Heliostat with central tower and molten salt heat storage (Sulzer — Solar power generation,

2017)
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Figure 87: Parabolic trough (Sulzer — Solar power generation, 2017)
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10.3 Appendix chapter 5

10.3.1 Comparison of the design options

This matrix is annexed inside the back book cover.

10.3.2 Flowserve mappings

1000
900
800
700 +
600 -
_ T —vCT
= I
= 500 -+ —AR
t VP
a00
300
200 15
- [\\\I—
E=— - " " " - = - . - T —— 1
0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 50,00 55,00 s000 QIm*/s]
Diagram 56: Flowserve Q-H mapping 1
20
18
16
14
12
_ —vcT
E 10 — ARV
x
VTP
| A\/\
6 \
4 ! \
' W\_’__’—_;—'\\_’- ........
o T T T T T T T i
0,00 0,01 0,01 0,02 0,02 0,03 0,03 0,04 0,04  am¥s]

Diagram 57: Flowserve Q-H mapping 2
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10.4 Appendix chapter 7
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Diagram 58: Overall mapping with distinct sizes
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ns145

n [rpm] pump-¥ pump definition Gl [m¥z1] H.,i[m] I NFZH [m] d [m]
1430 1 AVLERPD,S05-145-1430_1 0.4 65,50 0,30 350 047
_trimmed 0,55 60,60 045

1430 2 AVLEPD,23-145-1430_2 0,55 62,50 0,30 G094 045
2_trimmad 0,53 5524 043

1430 3 AVLEPD256-145-1430_3 03 5725 0,30 &15 043
S_trimmed 0,23 50,56 041

1430 4 AVLEPD27-145-1450_4 027 52,15 0,30 . X 0,41
4_trimmed 0,25 45,80 0,53

1430 ] AVLEPD25-145-1430_5 0,23 47,57 0,30 &77 0,353
S_trimmead 022 41,54 0,57

1430 -] AVLEPD,24-145-1430_6 0,20 43,56 0,30 &17 0,357
B_krimmed 013 35,14 0,355

1430 T AVLEP0,25-145-1430_7 0,15 53,52 0,30 562 0,55
T_trimmed 0,16 4,77 0,54

1430 G AVLEPD,22-145-1430_5 015 56,05 0,30 513 0,54
G_krimmad 0,14 31,63 0,52

1430 3 AVLEPD,21-145-1430_3 013 32,54 0,90 4,67 052
A_trimmad 012 28,53 0,3

1430 0 AWVLEPD,2-145-1430_10 0,12 23,94 0,30 4,26 0,5
10_trimmed o1 26,55 0,23

1430 1 AVLEPOI3-145-1430_11 0,10 27.23 0,90 oR-1] 0,23
1_trimmed 0,03 24,00 0,28

Table 18: ns145 pump sizes
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ns220

n [rpm] pump-¥ pump definition Gl [m¥=] | Hopml T MNFZH [m] d[m]
1430 1 AYLEPOS4-220-1430_1 77 &0,7 0,30 10,33 0,51
L_krimmed o,rz Y 0,43

1430 2 AVLEPD,32-220-1430_2 0,67 555 0,30 343 0,43
2_trimmad 0,62 45,5 047

1430 3 AYLEPDS1-220-1430_5 055 50,5 0,30 5,56 0,47
F_trimmed 0,54 445 0,44

1430 4 AVLERD,5-220-1430_4 0,50 45,7 0,30 s 0,45
4_trimmed 0,47 40,2 042

1430 -1 AVLEPD25-220-1430_5 0,44 41,5 0,30 710 0,435
S_trimmad o.41 36,5 0,40

1430 -] AVLERD27-220-1430_6 0,55 37A 0,30 644 0,41
E_trimmad 0,55 335 0,53

1430 v AVLERD,26-220-1430_7 0,53 4.4 0,30 555 0,53
T_trimmad 0,51 30,5 0,57

1430 -] AVLEPD24-220-1430_5 0,25 0 0,30 527 0,57
S_trimmed 0,26 275 0,55

1430 3 AVLERD,235-220-1430_3 0,24 25,0 0,30 4,76 0,55
A_trimmed 0,22 24,6 0,53

1430 jLa] AVLEPQ22-220-1430_10 0,21 254 0,30 452 0,55
10_trimmed 0,13 224 0,52

1430 1 AVLERD,21-220-1430_11 0,13 232 0,30 3 0,52
11_trimmezd 017 204 0,50

1430 12 AYLEPD2-220-1430_12 0,16 1.0 0,30 357 0,50
1E=l:rimm-:-:| 0,15 15,5 0,23

330 1 AVLEPD47-220-330_1 157 5.7 0,30 &,75 0,71
L_krimmed 127 45,5 0,65

330 2 AYLEPOM5-220-330_2 1,21 474 0,30 .06 0,65
2_trimmad 1,12 41,7 0,65

330 3 AYLEPO45-220-330_35 1,07 457 0,30 745 0,66
F_trimmed 0,33 54 0,62

330 4 AYLEPO42-220-330_4 0,34 40,2 0,30 6,54 0,63
4_trimmed 0,57 354 0,60

330 -1 AVLEPD4-220-330_5 0,54 ard 0,30 6,51 0,60
E_trimmad 77 32,6 057

330 -] AYLEPD,55-220-330_6 0,74 4.2 0,30 251 0,55
E_trimmad 0,63 304 0,55

330 T ANLEPOSET-220-330_7 0,6E 6 0,30 557 0,56
T_trimmad 0,61 275 0,535

330 -] AYLEPDS5-220-330_5 055 231 0,30 4494 0,535
G_trimmed 0,54 25,6 0,51

330 3 AYLEPO,54-220-330_3 0,51 26,5 0,30 4,56 0,51
A_trimmed 0,45 23,6 0,43

330 jLa] AVLEPD32-220-330_10 0,45 245 0,30 4,16 0,43
10_trimmead 042 215 0,47

330 1 AVLERD,F1-220-330_11 0,53 222 0,30 3TE 0,47
11_trimmezd 0,56 13,5 0,44

330 12 AVLEPD5-220-330_12 0,54 20,2 0,30 435 0,45
12_trimmed 0,51 17,8 042

330 13 AVLEPRD,25-220-330_13 0,23 15,4 0,30 304 0,43
13_trimmed 0,27 16,2 0,40

330 14 AVLEP0,27-220-330_14 0,25 16,7 0,30 254 0,41
14_trimmed 0,23 14,7 0,53

330 15 AVLEPD,26-220-330_15 0,22 15,2 0,30 255 0,53
15_trimmed 0,20 15,4 0,57

Table 19: ns220 pump sizes
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ns262

n [rpm] pump-¥ pump definition Gloa [m¥=1| Ho[ml n MNFEH [m] d[m]
1430 1 AYLIPO,533-262-1430_1 0,31 46,3 0,53 3,73 0,51
Ltrimmed 0,54 41,2 043

1430 2 ANLEPOSET-262-1430_2 o5 4355 0,53 3,02 043
2_trimmed 0,vs 352 047

1450 3 ANVLEPD3E-262-1430_% o752 40,0 0,53 8,31 0,47
3_trimmed 067 352 0,45

1430 4 AVLEPDZ5-262-1430_4 0,65 Ir5 0,53 ] 0,46
4_trimmad 0,60 5,0 044

1430 5 AVLEPO33-262-1430_5 0,57 4.1 0,53 wov 0,44
S_trimmed 052 30,0 n4z

1450 -1 ANVLEPD,Z2-262-1490_%6 043 o 0,53 £,44 0,42
E_trimmad 046 b ] 0,40

1430 7 AVLEPO,3-262-1430_7 043 25,3 0,53 555 0,40
T_trimmad 0,40 243 0,55

1430 -] AYVLEP0,23-262-1430_5 0,37 25,5 0,53 5,35 0,355
&_trimmed 0,34 22,7 0,36

1430 a ANLEPO2V-262-1430_3 0,52 235 0,53 4,55 0,36
A_trimmed 0,30 20,7 0,35

1450 0 AVLEPO,26-262-1430_10 0,25 215 0,53 446 0,35
10_trimmed 0,26 15,3 0,33

1430 1 AVLEPO,25-262-1430_11 0,25 13,6 0,53 4,06 0,33
_trimmed 0,23 17,2 032

1430 12 ANLEP0,24-262-1430_12 21 17,5 0,53 5,70 LI
12_trimmad 0,20 15,7 0,30

1450 13 AVLEPO,23-262-1490_13 0,13 16,2 0,53 337 0,30
13 _trimmed 0,17 14,3 0,23

330 1 AVLEP0,52-262-330_1 1,33 40,0 0,53 760 0,65
Ltrimmed 1,23 35,2 0,65

330 2 AYLIPO43-262-330_2 115 36,3 0,53 o1 0,66
2_trimmad 1,03 24 ne2

330 3 AWLEPO45-262-330_3 1,06 4.5 0,53 £,55 0,63
3_trimmed 0,33 30,3 0,60

330 4 AWLEPO4E-262-330_4 0,34 My 0,53 E,03 0,61
4_trimmad 0,57 273 0,55

330 5 AYLIPO44-262-330_5 0,53 23,2 0,53 5,55 0,55
S_trimmed 077 25,7 0,55

Jan -3 AYWLEPO42-262-330_6 0,73 26,3 0,53 21 0,55
E_trimmed 0,65 25,6 0,53

330 T AVLEPO4-262-330_7F 0,65 24,7 0,53 4,70 0,54
T_trimmad 0,60 218 0,51

330 -] AYLIPO,533-262-330_5 0,57 22,5 0,53 4,53 052
&_trimmed 053 20,0 043

Jan a AYLEPOST-262-330_3 051 21,0 0,53 5,95 043
A_trimmed 047 15,4 047

330 0 ANVLEPD,36-262-500_10 045 18,3 0,53 36T 0,47
A0_trimmed 0,41 17,0 0,45

330 1 AWLEPO,35-262-330_1 045 13,3 0,53 36T 0,46
_trimmed 0,41 17,0 044

330 12 AVLEPO,33-262-330_12 0,40 15,1 0,53 543 0,44
12_trimmad 0,57 153 n4z

330 13 ANMLEPD,Z2-262-500_13 0,31 15,0 0,53 2,84 0,42
13 _trimmed 0,23 13,2 0,40

Table 20: ns262 pump sizes 1
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ns262

n [rpm] pump-% pump definition Gloa [m¥z1| Hop [m] N FFZH [m] d[m]
T40 1 AYLIPO,64-262-740_1 1,30 344 0,53 6,54 0,55
Ltrimmed 1,76 303 0,3

40 2 AYWLEPOEI-262-740_2 1,63 3.5 0,53 6,04 0,81
2_trimmed 1,56 25,0 0,77

T40 3 ANMLEPOS3-262-740_3 1,50 29,3 0,53 B85 0,75
_trimmed 1,33 25,5 0,74

T40 4 ANVLEPOST-262-740_4 1,53 27 0,53 5,15 0,75
4_trimmad 1,23 23,8 0,7

40 5 ANLEPDS4-262-740_5 1,17 24,3 0,53 4,72 nrz
S_trimmed 105 213 0,65

T40 [ ANMLEPOS2-262-740_6 1,00 224 0,53 4,25 0,65
E_trimmad 0,32 13,7 0,65

T40 7 AVLEPO43-262-740_7 0,55 206 0,53 392 0,66
T_trimmad 0,52 15,1 062

T40 g ANVLEPO4G-262-740_5 0,50 13,2 0,53 3,66 0,63
S_trimmed 0,74 16,3 0,60

T40 El ANVLEPOAG-262-740_3 0,70 7,7 0,53 3,47 0,61
A_trimmed 0,65 15,6 0,53

T40 0 AVLEPOA4-262-F40_10 0,62 16,3 0,53 10 0,58
10_trimmed 0,55 14,4 0,55

T40 1 ANVLEPO42-262-740_11 0,55 15,0 0,53 2,55 0,56
_trimmed 0,51 13,2 053

40 1z AYLEPO4-262-740_12 0,435 15,5 0,53 2,63 0,54
12_trimmed 0,45 12,2 5

T40 13 AVLEPD,33-262-740_13 0,43 2,7 0,53 242 0,52
13_trimmed 0,40 1.2 0,43

Table 21: ns262 pump sizes 2
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ns382

n [rpm] pump-¥ pump definition Gl [m¥=1| Hop [m] n MNFPEH [m] d[m]
1430 1 AWLEPO47-352-1430_1 1,04 354 0,32 10,04 0,43
Ltrimmed 0,36 1 0,46

1430 2 AVLEPO44-352-1430_2 0,55 Iy 0,32 8,33 0,45
2_trimmad 0,36 11 046

1430 b ANLEPO42- 35214305 0,78 23,3 0,3z 55 044
3_trimmed o752 255 0,42

1430 4 AWLEPO4-352-1430_4 0,63 ar.n 0,32 766 042
4_trimmad 0,64 237 0,40

1430 5 AVLEPD,33-352-1430_5 0,61 243 0,32 706 0,41
S_trimmad 0,57 213 0,33

1430 -] AVLEPO3S-352-1430_6 0,55 23,0 032 B.53 0,33
E_trimmed 0,50 20,5 0,37

1430 s ANLEPOEE-352-1430_7 0435 21,2 0,3z 6,02 0,37
7_trimmed 0,45 15,7 0,36

1430 -] AVLEPD35-352-1430_5 04z 13,5 0,32 5,53 0,36
S_trimmad 0,53 171 0,54

1430 E] AVLEPO33-352-1430_3 0,37 175 032 5,06 0,34
A_trimmed 0,54 15,7 0,353

1430 0 ANLEP0,32-352-1430010 0,53 16,5 0,3z 4,67 0,353
A0_trimmed 0,30 14,5 0,7

330 1 AVLEPO,E5-352-330_1 1,85 30,5 0,32 8,65 0,67
Ltrimmed 1,74 26,5 0,64

330 2 AYLIPO,63-352-330_2 1,65 25,2 0,32 g,01 0,65
2_trimmad 1,55 24,5 nE2

Jan b ANLEPOE-352-330_3 145 26,0 0,3z gt ne2
3_trimmed 1,37 224 0,53

330 4 AWLEP0,5E-352-930_4 1,32 241 0,32 E,83 0,60
4_trimmad 1,22 21,2 057

330 5 AYLIP0,56-352-330_5 1,17 22,3 0,32 6,52 0,55
S_trimmad 1,03 13,6 0,55

230 -] AYLIPO,S3-352-330_6 1,05 20,6 032 5,55 0,56
E_trimmed 0,37 15,1 0,53

Jan s ANLEPDST-352-330_7 0,33 13,0 0,3z .40 0,53
7_trimmed 0,86 16,7 0,51

330 -] AYLIPO,43-352-330_5 0,53 176 0,32 5,00 0,51
S_trimmad 0,77 15,5 0,43

230 E] AYLIPO45-352-320_3 0,74 16,3 032 4,63 043
A_trimmed 0,635 4.5 047

Jan 0 ANLEPOAE-352-330_10 0,66 151 0,3z 4,25 0435
A0_trimmed 0,61 15,3 0,45

330 1 AWLEPO44-352-330_1 0,53 14,0 0,32 3,97 0,46
_trimmed 0,54 12,3 0,43

330 12 AVLEPO42-352-930_12 052 12,3 0,32 367 044
12_trimmed 043 1,4 042

Jan 13 AYLEPOA1-552-330_13 045 1.3 0,3z 555 n4z
13 _trimmed 043 10,5 0,40

Table 22: ns382 pump sizes 1
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ns382

n [rpm] pump-§ pump definition G [m¥=1] H,.Iml n MPEH [m] d[m]
740 1 AVLEPO,TE-362-740_1 2,25 253 042 BB2 0,73
Ltrimmed 2,03 20,5 0,75

740 2 AYLEP0,73-352-740_2 2,00 215 0,32 6,11 0,76
2_trimmed 155 153 072

Td0 3 AMLEPO,P-352-740_35 176 138 032 561 0,73
I_trimmed 163 74 063

740 4 AYLEP0,ES-FE2-740_4 158 154 042 522 0,70
4_trimmed 146 16,2 067

T40 ] AVLTPOES-352-740_5 14 7.0 032 453 067
S_trimmed 130 15,0 064

Td0 ] AMLEP0,63-352-740_6 125 158 032 445 065
B_trimmaed 116 153 062

740 T AYLEPO,E-352-740_7 111 14,5 032 4,12 062
T_trimmed 103 128 0,53

T40 & AYLEP0,55-352-740_8 053 154 042 35 060
&_trimmed 0,31 "G 0,57

T40 ] AMLZP0,56-352-740_3 0,55 124 032 393 0,55
A_trimmed 0,51 0.3 0,55

740 10 AYLEP0S3-352-740_10 0,78 ns 032 327 056
10_trimmed 0,72 10,1 0,53

T40 1 AVLEPOSI-352-740_11 063 0e 032 302 053
M_trimmed 064 94 051

740 12 AVLEPD43-352-740_12 062 3.4 042 2,40 0,51
12_trimmed 057 &7 043

Td0 13 AYLEPO04E-352-740_13 0,55 a1 032 2,58 043
13_trimmed 0,51 &0 047

740 14 AVLEPO4E-352-T40_14 043 G4 042 2,59 048
14_trimmed 045 T4 045

T40 1= AVLEPO44-352-740_1% 044 i 032 222 046
12_trimmed 040 %] 043

T40 16 AYLIP042-352-T40_16 0,33 w2 032 2,05 044
1E_trimmed 0,56 64 042

T40 17 AVLEP0,4-352-740_17 0,54 6,7 032 153 042
A7 _trimmed 0352 5.3 040

Sa0 1 AVLEPO,TE-352-T40_1 2,25 253 032 6,62 0,73
L trimmed 2,03 20,5 0,75

a0 2 AVLEPO,FI-352-T40_2 2,00 215 032 6,11 0,76
2_trimmed 155 B3 0,72

a0 3 AVLEPO,F-352-740_3 176 13E 032 561 0,73
I_trimmed 163 7wa 063

Sa0 4 ANMLEPO,65-352-740_4 155 154 032 522 0,70
d_trimmed 146 16,2 067

50 B AYLEPDES-352-T40_5 14 7.0 0,52 4,53 067
S_trimmed 150 =0 064

a0 L] AVLEPOES-352-T40_6 125 158 032 4,45 06s
B_trimmed 116 1354 g2

a0 7 AVLEPOE-352-740_7 Al "5 032 4,12 g2
T_trimmed 1,03 125 0,53

Sa0 L] ANMLEP0,55-352-T40_5 0,33 154 032 381 060
&_trimmed 0 & 0,57

Sa0 3 AVLEIP0,56-352-T40_3 0,58 124 032 353 0,58
A_trimmed 081 03 0,55

5a0 10 ANLEP0,53-3562-740_10 0,78 1,5 0,32 327 0,56
10_trimmed o2 0,1 053

Sa0 1 AYLEPOS1-362-740_1 0,63 10,6 032 3,02 0,53
_trimmed 0,64 a4 05

Sa0 12 AVLEP043-352-740_12 0,62 a3 032 2,60 05
12_trimmed 0,57 &7 043

Sa0 13 AVLIP045-352-T40_13 0,55 3.1 032 2,58 043
13_trimmed 05 &0 047

Sa0 14 AYVLIP046-352-T40_14 0,43 &4 032 2,33 045
14_trimmed 0,45 T4 045

S0 1= AYLIP044-352-740_15 0,44 7.8 0,32 2,22 046
15_trimmed 040 6,3 043

Sa0 1& AVLEP042-352-740_16 0,33 w2 032 2,05 044
16_trimmed 0,36 64 042

Sa0 17 AVLEIPO41-352-T40_17 0,34 &7 032 153 042
17_trimmed 0,32 5.3 040

Table 23: ns382 pump sizes 2
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nsB812

n [rpm] pump-¥ pump definition G [mi=]| Hoa[ml .y MPEH [m] d[m]

330 L_min angls AVLEPO,41-512-390_1 0,72 ] 0,88 ] 0,41
1=max angle 0,53 4,55 0,55 4,05

w40 1_min angle ANMLEPD45-512-740_1 063 3,87 0,58 4,56 045
1_max angle 0,357 2,67 0,55 2,66

w40 2_min angle ANMLEPOS5-512-740_2 1,30 R | 0,58 . 1 0,55
2_max angle o,rn 4,58 0,55 4,07

w40 J_min angle ANMLEPOEE-512-740_5 227 557 0,58 &.ro 0,66
3_max angle 121 6,54 0,55 5,90

Table 24: ns812 pump sizes
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