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Abstract

The scale-up procedure for hydraulic machinery is currently regulated by two
international standards: IEC 60193 and IEC 62097. The accepted standards are
two since the newer one (IEC 62097) isn’t applicable to all types of machines, due
to the lack of sufficient studies. Reactor coolant pumps (RCPs) are part of the
machines not covered by the new standard, and therefore still have to be scaled-up

with the less accurate method, presented in the older norm.

This work aims to determine the needed scale-up factors to apply the new standard
[EC 62097 to axial-flow RCPs, through the study of two such pumps. The methods
used vary for each component since different approaches are needed to estimate
in an accurate, yet non-overcomplicated way the friction losses (scalable losses),
according to the geometry and flow dynamics of the component. Hence, the friction
losses of runner blades and guide vanes are calculated with the friction loss factor of
a flat plate, while for the casing sections of runner blades and guide vanes the loss
coefficient formula of Nichtawitz is used. The friction losses of the cylindrical casing,
due to the complex flow dynamics, are determined by performing a CFD-analysis.
Lastly, the shroud ring losses are obtained through the loss coefficient for two
concentric rotating cylinders. It is to note, that the shroud ring losses are relevant
only for one of the two studied pumps, as solely the Type 1400 RCP is provided
with a shroud ring. The results are then combined into linear functions which
describe the scale-up factors according to the specific speed of the machine. Finally,
the scale-up formulas presented in the standard IEC 620197, are adapted according

to the new component subdivision of axial RCPs.

By performing scale-up calculations with the new method, an efficiency increase
from model to prototype of roughly 2,1% was determined. This result differs from
the efficiency increase of roughly 5% calculated with the standard IEC 60193 and
therefore confirms the fact that the older norm overestimates the efficiency increase.
Through the comparison of scale-up calculations with different wall roughnesses, it
was also possible to investigate the wall roughness effects on the scale-up, which

showed that rougher prototype wall roughnesses decrease the efficiency increase.
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Kurzfassung

Das Verfahren zur Leistungsaufwertung hydraulischer Maschinen wird derzeit durch
die internationalen Normen TEC 60193 und IEC 62097 geregelt. Die anerkannten
Normen sind zwei, da die neuere (IEC 62097) nicht an allen Maschinentypen
anwendbar ist. Reaktorkiihlpumpen (RCPs) sind Teil der Maschinen, die nicht
von der neuen Norm abgedeckt werden und miissen deshalb weiterhin mit der

ungenaueren Methode der dlteren Norm aufgewertet werden.

Das Ziel dieser Arbeit ist es, die zur Anwendung der neuen IEC 62097 Norm
notwendigen Aufwertungsfaktoren fiir axiale RCPs durch die Studie zwei solcher
Pumpen zu bestimmen. Die dafiir eingesetzten Methoden variieren je nach
Geometrie und Stromungsdynamik der Komponenten, da unterschiedliche Ansétze
zur genauen und dennoch nicht iiberkomplizierten Abschétzung der Reibungsverluste
(aufwertbare Verluste) notwendig sind. Die Reibungsverluste der Lauf- und
Leitschaufeln werden daher mit dem Reibungsverlustfaktor einer ebenen Platte
berechnet, wahrend fiir die ringférmigen Gehéauseteile vom Leit- und Laufrad die
Verlustkoeffizienten-Formel von Nichtawitz verwendet wird. Die Reibungsverluste
des zylindrischen Gehéuses werden aufgrund der komplexen Stréomungsdynamik
durch eine CFD-Analyse ermittelt und die Deckbandverluste des Laufrades durch
den Verlustkoeffizient fiir zwei konzentrisch rotierende Zylinder. Aus den Ergebnissen
werden dann linearen Funktionen extrapoliert, die die Aufwertungsfaktoren geméf

der spezifischen Drehzahl der Maschine beschreiben.

Durch Anwendung der neuen Aufwertungsmethode fiir axiale RCPs wurde eine
Wirkungsgradsteigerung von Modell zu Prototyp von 2,1% ermittelt. Dieses
Ergebnis unterscheidet sich wesentlich von der 5% Wirkungsgradsteigerung, die
mit der Norm TEC 60193 erhalten wird und bestétigt damit die Tatsache, dass
die altere Norm die Wirkungsgradaufwertung iiberschétzt. Mittels Vergleiche von
Wirkungsgradaufwertungen mit unterschiedlichen Wandrauhigkeiten konnten auch
die Wandrauhigkeitseinfliisse im Aufwertungsprozess untersucht werden und es
ergab sich, dass grobere Prototyp-Wandrauhigkeiten die Wirkungsgradsteigerung

verringern.

IT
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List of subscripts

Subscript Definition Subscript Definition
amb Ambient conditions u Velocity or peripheral
d Dimension w Water
E Specific energy ——— Components subscripts
f Friction CcoO Component
3 Hydraulic cY Cylindrical casing
e Kinetic DT Draft tube
I Loss GV Guide vanes
m Meridian GVC Annular guide vane channel
M Model GVS Guide vane section
opt Optimum point RB Runner blades
p Prototype RUC Annular runner channel
PS Pressure side RU Runner
0 Volumetric SP Spiral case
ref Reference SR Shroud ring
g9 Suction side SV Stay vane
Torque or disc/
T shroud ring friction
I11
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List of symbols

Symbol Unit Definition
Aco [m?| Sectional area of the flow of the component
A [m?] Area of the pressure side measuring section
1
A [m?] Area of the suction side measuring section
2
[m] Component width
Beo
b [m] Average clearance between rotating cylinders
[Z] Absolute flow velocity in the runner
C S
] Absolute peripheral flow velocity in the
Cu s runner
. (] Absolute meridian flow velocity in the runner
m
B Discharge coefficient, obtained from the
C calibration as a function of Reynolds number
c -] Friction coefficient for flat plates
f
B Friction coefficient for concentric rotating
Cr cylinders
D [m] Reference diameter of the hydraulic machine
J [m] Hydraulic diameter
h
J [m] Nominal diameter of Venturi tube
%
5 [?—;] Specific hydraulic energy
h
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NPSE

Pamb

P

P12

P2

bva

B,

Friction loss of specific hydraulic energy

Friction force

Reaction force

Acceleration due to gravity at the testing

location

Net head

Component length
Rotational shaft speed
Specific speed

Net positive suction energy
Ambient pressure

Pressure difference at Venturi tube

Static pressure difference between high and

low pressure measuring section

Absolute static pressure at the suction side
Vapor pressure

Hydraulic power

Mechanical power

Mechanical power loss

Discharge
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Rw

Sco

Vco

‘/ref

Zco

OB.COref

A

dE,CO,ref

5]
1]
%]

Lever arm length

Wall roughness

Reynolds number

Rotational Reynolds number

Wall surface area of the component
Water temperature

Hydraulic torque

Peripheral velocity

Mean velocity of the component
Relative flow velocity in the runner
Reference loss distribution coefficient
Number of blades/vanes of the component
Relative velocity angle

Ratio of scalable losses

Ratio of non-scalable losses

Reference scalable hydraulic energy loss for
each component

Ratio of efficiency step-up against model
efficiency

Scalable hydraulic energy loss index for each

component
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G

G

Tk

Ne

Ul

nr

Ay _op
Kkd,co
Ku,cO

RT

Vw

Pw

Pressure side loss coefficient

Suction side loss coefficient
Hydraulic efficiency

Specific hydraulic energy efficiency
Volumetric efficiency

Power efficiency (disc friction efficiency)

Efficiency difference between model and

prototype

Dimension factor for each component
Flow velocity factor for each component
Dimension factor for disc friction loss
Friction loss coefficient for a channel
Water kinematic viscosity

Water density at testing conditions
Thoma number

Rotational speed
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1 INTRODUCTION

1 Introduction

Reactor coolant pumps (RCP) are essential components of nuclear power plants.
They keep the reactor core at the right temperature to ensure its safe and controlled
operation and transfer the absorbed heat to steam generators, which produce the
output energy of the plant. Due to the high temperatures of up to 300°C and
pressures of 160 bar, it is crucial to have RCPs with a reliable and efficient design,
whose state can be monitored easily during operation [I]. Before the production
of a full-size prototype begins, scaled models are produced and tested to ensure
and assess these critical characteristics. The prototype performance data is then

obtained, by transposing the data of the tested model to the full-size machine.

The scale-up procedure for hydraulic machinery is currently regulated by two
international standards: IEC 60193 and IEC 62097. In the older standard TEC
60193, a constant scale-up factor V,.; in used, indicating the percentage of scalable
losses in each type of machine. This scale-up method is very simple and easy
to apply but contains multiple inaccuracies, which benefit machines with lower
design quality, and it overestimates the efficiency increase. For these reasons, in
2009 the standard TEC 62097 was introduced. The new standard improved the
scale-up procedure by considering each component individually, including the wall
roughness, and utilizing scale-up factors which vary according to the specific speed.
The downside of this standard is that, so far, it can’t be applied to all types of
hydraulic machines, including reactor coolant pumps. The reason being that the
needed flow velocity factors, dimension factors, and scalable hydraulic energy loss

indexes, haven’t been derived and studied for all types of hydraulic machines.

To obtain these factors for axial working RCPs a loss analysis of each major
component is necessary. Losses have to be categorized into scalable and non-scalable
losses, whereas friction and leakage losses are considered as scalable and kinetic
losses as non-scalable losses [4]. They can be calculated with different approaches,
depending on the geometry and type of flow of the investigated part. For channels,
flat plates, concentric rotating cylinders, and disks, existing formulas for friction

coefficients give a good estimate of the losses, while for components with more



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1 INTRODUCTION

complex geometries and flow dynamics, like cylindrical casings, a CFD flow analysis
is more suitable to obtain accurate results. Once multiple machines of the same
type have been studied, the obtained results can be combined into linear functions

which define the scale-up coefficients according to the specific speed of the machine.

1.1 Problem outline and solution approach

The objective of this work is to determine the needed scale-up coefficients for
axial working RCPs so that the performance scale-up can be computed with the
new international standard IEC 62097, instead of the older and less accurate
standard IEC 60193. Measured data of two RCP models, provided by the company
ANDRITZ AG, is used to perform the study. To obtain an applicable version of
the standard IEC 62097 for axial working RCPs, the following steps are required:

e Conducting a loss analysis of the main components of the two pumps

— Dividing the reactor coolant pumps into main components

— Finding suitable friction factor formulas for the components with similar

flow dynamic and geometry to commonly studied flows

— Performing a CFD analysis with the commercial software ANSYS Fluent
of the cylindrical casings to determine the scalable losses of these more

complex components

e (Calculating the scale-up coefficients for the two pumps at optimum efficiency
point and combining the results into linear functions depending upon the

specific speed of the machines

e Adapting the scale-up formulas in the IEC 62097 standard to the utilized

formulas for the friction factors

With the obtained results, scale-up calculations should be made to compare the

efficiency increase between the two standards and assess their accuracy.
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2 REACTOR COOLANT PUMPS (RCPS)

2 Reactor coolant pumps (RCPs)

The studied reactor coolant pumps are employed in the primary coolant loop of
pressurized-water reactors. These type of reactors are light water reactors since
they utilize regular water as opposed to heavy water, a form of water that contains
a larger amount of hydrogen isotope deuterium [I4]. Figure [1| depicts a typical
pressurized-water reactor with its main components. The core inside the reactor
vessel generates heat that is transferred to the pressurized water in the primary
coolant loop and carried to the steam generator. There, the secondary loop water

is vaporized by the heat from the primary coolant loop and directed to the main

turbine, which produces electricity [13].

o

Walls made of
concrete and
steel

3-5 feet thick
(1-1.5 meters)

4

Turbine
Generator,

o o, e
Condenser L

Condensater
umps

Feed
Pump:

Demineralizer

Steamline

Cooling System

3 Steam
Generator
Reactor Control
Vessel Rods

Coolant Loop 2 ot J
1 [ 1S
®
Reactor ressurizer
gﬂﬁ::gt Containment Emergency Water
Structure Supply Systems

Figure 1: Pressurized water reactor [13].
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2 REACTOR COOLANT PUMPS (RCPS)

The operating conditions of reactor coolant pumps are very demanding considering
the pumps have to withstand operating temperatures of up to 300°C and pressures
of around 16 MPa. The high pressure is necessary to avoid water evaporation in
the primary loop. A large volumetric flow rate of round 6,6 m?/s is required to

ensure a sufficient and safe heat transfer inside the reactor core.

Shaft coupling i
\ ] 1 i
Oil cooler ; :

Axial bearing

Upper
radial bearing

Qil pumping device ——

Il 1

' !

Stand-by seal - :
]

Shaft seal
Seal housing

Insulating assemblies

Pump casing cover

Lower guide bearing

e = e S AN SR =,

Pump casing

Diffusor

Impeller

Figure 2: Reactor coolant pump components [I]

Figure 2] depicts the section plane of an axial working RCP. A tree stage mechanical
face seal avoids water leakage up the shaft, which is supported by an axial bearing

and centered by multiple radial bearings. The lower guide bearing and the seals

4
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2 REACTOR COOLANT PUMPS (RCPS)

are water lubricated, while the upper slider bearings are oil lubricated [I]. During
operation, the coolant passes through the impeller which accelerates the flow, while
the stay vanes behind the impeller remove the generated swirl. In the cylindrical
casing, the kinetic energy of the flow is converted into pressure, so that the coolant

can reach the reactor core.

2.1 The investigated reactor coolant pumps

The studied reactor coolant pumps were realized by ANDRITZ AG and employed
in different nuclear power plants. Of the two investigated pumps one is a pure axial
working RCP, while the other one has a design between an axial and a mixed-flow
RCP. The pure axial working RCP will be referred to as "Type 1134 RCP" and
the axial /mixed-flow RCP as "Type 1400 RCP".

!

!

R =

Figure 3: Type 1134 RCP [1]

n
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2 REACTOR COOLANT PUMPS (RCPS)

P |y

Figure 4: Type 1400 RCP [

Figure [3] and [4] show the two pumps and their different runner blade placement.
The Type 1134 pump is a faster rotating pump, rotating at roughly 1500 rpm while
the Type 1400 pump rotates slower at 1200 rpm [I]. The scaled models of the
two pumps were tested at the testing facility ASTRO-Laboratory of ANDRITZ
AG in Graz, and the acquired data was used to obtain the scale-up coefficients, as

described in the following chapters.
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3 MEASURED DATA

3 Measured data

The data utilized to obtain the scale-up factors for the two pumps derive from
tests conducted at the testing facility ASTRO-Laboratory of ANDRITZ AG in
Graz. Multiple tests were carried out, including efficiency tests, cavitation tests,
pressure pulsation tests, four quadrant tests, radial force and momentum tests,
runaway speed tests, axial thrust tests, and trimming tests. Of the wide range of

data collected, the data related to the efficiency tests are utilized.

3.1 The testing facillity

The ASTRO-Laboratory in Graz has two test rigs, the turbine test stand, and the
four quadrant test stand. The model tests were conducted with the four quadrant
test stand depicted in Figure |5l It consists of a closed loop designed to test axial
and radial working models in a horizontal or vertical arrangement. The stand
is divided into two sub-loops: the vertical section with the main booster pump
and the flow meter, and the horizontal section with the second booster pump, the
tested model, and the tail-water tank. In the vertical section, the flow direction
is always the same, while in the horizontal section the direction can be changed
by altering the flow distributor position. The pressure in the system is regulated
by the pressure control unit connected to the tail-water tank, which can provide
various cavitation conditions. During operation, the water is pumped with the
main booster pump through the Venturi-tube inlet tank, where it passes the heat
exchanger and straightener inside the tank, to the Venturi tube, where the flow-rate
is measured. It then continues through the flow distributor to reach the tail-water
tank and the tested model. From the model outlet, the water flows to the energy
dissipator and to the flow distributor to be recirculated. The utilized water comes
from the main and its temperature inside the loop is kept constant in a range
of + 2°C by a water cooler, positioned in the connection pipe between the flow
distributor and the tail-water tank [IJ.
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3 MEASURED DATA

Motor | Generator
300 kW DC/ 2000 rpm
speed controlled

Connection to
System pressure
control unit

Torque

Oxygen content

Water cooler

Suction head

Water temperature

Booster pump

200 de oc i Flow distributor
speed controlle (turbine position)

Energy dissipator
(drum valve)
flow meter

Flow distributor in
pump position

Rectifier

Booster pump
300 kW AC
speed controlled

Figure 5: Four quadrant test stand at ASTRO-Laboratory of ANDRITZ AG in
Graz [1]

3.2 Measuring instrumentation

The following sections describe the measuring instrumentation and equations to
compute the discharge ()ys, net head H);, torque Ty, rotational speed nj;, power
output Py, a, efficiency ny ar, temperature ¢y, net positive suction energy NPSE),
and cavitation number o for the tested model. Details about the pressure pulsation

tests and axial thrust measurements are not included.
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3 MEASURED DATA

3.2.1 Discharge measurement

The discharge is measured with a Venturi tube positioned in the vertical section
of the loop. The pressure difference between the Venturi tube inlet and throat is
measured with a high precision rotary piston manometer. The discharge is then

computed with the following relation:

4 Pw

Qu=C (1)
C is the discharge coefficient, obtained from the calibration as a function of
the Reynolds number. dy is the nominal diameter of the Venturi tube, py the

manometer reading, and py the density of the test water [1].

3.2.2 Net head measurement

The hydraulic specific energy is obtained through equation . Qs 1s the discharge
measured according to section[3.2.1land p;5 is the static pressure difference measured
by a membrane transducer or a rotary piston manometer between the two measuring

sections depicted in Figure [6]

Po L& G (-G (R
pw (P2, M +p12itw ) +ow (P2,05tw) 2 2
2

Ey =

The water density py used in the equation is an average of the densities at the

two measuring sections. The friction loss term

G (B)° — G- ()
2

(3)

considers the losses between the measuring sections and the reference sections and

has to be taken into account if the sections don’t match. Once the hydraulic specific
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3 MEASURED DATA

energy F); is determined, the net head Hj; can be obtained with equation 1.

E
Hy =2

(4)

gm

— sy

6368

1056

| ™Pressure pulsation tap

\Meusuring section 1

@ 2356

nner ciameter

Figure 6: Position of the model measuring sections (left); arrangement of the model
on the test stand (right) [I]

3.2.3 Torque measurement

The hydraulic torque of the model is defined as
T =Frnm- Rer. (5)

Fp, ar is the reaction force to the model torque and is measured on an accurately
calibrated lever arm with length Ry, on the oscillating part of the hydrostatically
supported dynamometer. The measured torque corresponds to the torque at the
coupling between model runner and shaft, since also the model runner is supported
hydrostatically [1].

10
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3 MEASURED DATA

3.2.4 Rotational speed measurement

The rotational speed n); is measured by an electromagnetic pickup, which transmits
the pulses, received from a toothed disk mounted on the dynamometer shaft, to a
quartz timer/counter. The disk generates 60 pulses per revolution, therefore, the

number of rpm can be directly read on the instrument [I].

3.2.5 Power output and efficiency

With the measured torque T}, the rotational speed n,;, the discharge ),;, and
the hydraulic specific energy Ej, s, the mechanical power P, »; and the hydraulic

power P, ps can be calculated with the following equations:

Povr=pw - Ev - Qu (7)

The hydraulic model efficiency can then be calculated with [I]:

p ®)

Nh,M =
Pm,M

3.2.6 Temperature measurement

The temperature ty, is measured with a Pt-100 probe fitted into the tailwater tank

and a signal conditioner connected to the test stand computer [I].
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3.2.7 Net positive suction energy and cavitation number measurement

The net positive suction energy NPSFE);, defined in equation @D, describes the

cavitational behavior of the pump [5].

po.v — Py altw) (%_M)Q
NPSE, = 2 SRR 9)
pw (Danss tw) 2
P2, = P2 + Pamb (10)

p2,m is the absolute pressure in the suction side measuring section and can
be determined with equation (11)), in which ps represents the suction pressure,
measured by a rotary piston manometer calibrated in such a way that the reading
shows the pressure against the reference point, while p,,,;, is the ambient pressure,
measured by a mercury barometer [I]. The cavitation Thoma number can then be

derived with the following equation:

_ NPSEy

= (1)

o

12
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4 Scale-up methods for hydraulic machinery

The scale-up procedure for hydraulic machinery consists in determining the amount
of scalable losses of the investigated machine and then scaling up the performance
data according to the variation of these losses. The scalable losses commonly
coincide with the friction and leakage losses of the machine and vary at each
operating point, according to the Reynolds number Re and the effect of surface
roughness Ra. Quantifying them for each type of investigated machine at every
operating point would be too time-consuming therefore international standards
were introduced, which provide the ratio of scalable losses for each type of machine

and the equations needed to calculate the performance scale-up.

Currently, there are two international standards describing how to conduct the
scale-up process: the standard IEC 60193 published in 1999, and the more recent
[EC 62097 issued in 2009. The accepted standards are two since the most recent one
cannot be applied to all types of hydraulic machines, due to the lack of extensive
studies. The limitations of the scale-up procedure of the older standard compared
to the IEC 62097 standard are described in section 4.3

4.1 IEC 60193 scale-up procedure

In the scale-up procedure according to the standard IEC 60193, the influence
of surface roughness is not considered. It is therefore assumed that the scalable
losses of each type of machine vary only with the Reynolds number Re. Figure [7]
shows how the relative scalable losses ¢, specified in equation , decrease with
increasingly high Reynolds numbers, while the relative non-scalable losses, specified
in equation , stay constant [5]. For instance, a pump model operating at a
certain point with a Reynolds number Rej;, has a lower hydraulic efficiency than
the full-size prototype, operating at the same point, but with a higher Reynolds

number Rep.

13
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A i
1,0 1,0
: A A Relative non -
5 M‘ Fie:agrelnon- ! Sre opt scalable losses -
ns c e losses |1 -nn -
Y seee ke //}/ //‘/ clafive scalable |
A i) "/ Bret 1 losses
/ / K H latwa scalable” ™ / ¥, /
Th|Brel s
% %ﬁﬁ‘?_‘i % Scale-up curve
hm | Scale-up curve 74 Tin opt M
HeszOﬂf Rewm Re Re.¢=7-105 Reoptm Reopt
Figure 7: Variation of relative scalable losses [5].
Relative scalable and non-scalable losses according to IEC 60193 [5]:
(5:(1—77h)-v (12)
Ons = (L=1n) =0 = (1 =m) - (L =V) (13)

The coefficient V' is the loss distribution coefficient and represents the ratio of
relative scalable losses to relative total losses. It is a constant value, given in
the standard for different types of hydraulic machines, for the point of optimum

hydraulic efficiency at the reference Reynolds number Re,.; = 7-10° [5].

The first step to scale up the efficiency from model to prototype consists in
determining the relative scalable losses d,.f at Re,.; with equation , where
Nh.opt.m Stands for the hydraulic efficiency of the model at the optimum point and
Regpar for the model Reynolds number at optimum efficiency. With the relative
scalable losses and the Reynolds numbers of the model and the prototype at the
investigated operation point, the efficiency difference Any,,, _, at Re,.; can then
be calculated with equation [5].

14
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4 SCALE-UP METHODS FOR HYDRAULIC MACHINERY

]‘ - nh,opt,M (14)

0,16
Reref + 1_‘/'ref
Reopt, Vies

Reves 0,16_ Reve; 0,16 5
Rey Rep

The prototype efficiency can then be determined by adding the efficiency difference

A7/IhM—>P = 57"€f )

to the model efficiency (equation (|16))). The efficiency difference between model
and prototype is associated, in this standard, with a decrease of mechanical power
P,,. As shown in equation , the mechanical power ratio of prototype and model
is directly proportional to the efficiency ratio [5].

Nhp = M+ ANny, o p (16)

5 3
L _ PP (&) (”_P) . Inp (17)
Py PMm Dy Ny Th, M

In reality, besides the mechanical power P,,, the scale-up effects affect also the
specific hydraulic energy Ej, and the discharge @ [5]. This simplification is one of
the major limitations of this standard and got revised in the newer standard IEC

62097.

4.2 IEC 62097 scale-up procedure

The IEC 62097 standard utilizes a more specific approach to determine the efficiency
scale-up for hydraulic machines, by dividing the investigated pump or turbine into
its main components and analyzing the effects of scalable losses separately for each

individual component. Pumps and turbines are therefore divided into the following

15
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4 SCALE-UP METHODS FOR HYDRAULIC MACHINERY

main parts [4]:

e spiral casing (SP)
e stay vanes (SV)

e guide vanes (GV)

runner (RU)

draft tube (DT)

Furthermore, the effects of the efficiency scale-up are considered to affect, not
only the mechanical power P,, but also the specific hydraulic energy E and the
discharge @). The hydraulic efficiency difference Anj, between model and prototype
is therefore split into the efficiency ratio A affecting the mechanical power P,,,
the efficiency ratio Ag affecting the specific hydraulic energy E and the efficiency
ratio Ag affecting the discharge (), all multiplied by the model hydraulic efficiency

nhv as shown in equation [4].

Anp = - (Ap + Ar + Ag) (18)

The hydraulic energy efficiency ratio Ag can be determined for each individual
component of the investigated machine with equation . A depends upon the
standardized reference scalable loss 05 co s and the friction loss coefficients Aco

of model, prototype and at reference Reynolds number Re,.; [4].

(19)

Aco,m — Aco,p
Agpco =0p.coref - < : :

ACO,ref

With the substitution of the friction coefficients with their explicit formulation,
equation assumes the form shown in equation . A g now depends upon the

Reynolds number Re, the wall roughness Ra, and the diameter D of model and

16
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prototype, and also upon the velocity factor x, and the scalable hydraulic energy

loss index dg corer [

Ra 7-106\"°
Cco,M i )

A =drcorer- | [4-10° Ky co -
E,CO E.COref [( Ry,cO Dy Reus

(20)

Racop , 7- 109\ *?
Dp Rep

_ (4 . 10° - Ku.CO *

The velocity factor x, co is the ratio of the average relative flow velocity in each
component voo against the peripheral velocity u (equation (21])). The scalable
hydraulic energy loss index dg co rer is defined in equation by the reference
scalable hydraulic energy loss dg corer (equation ) and the dimension factor
kaco (equation (22)). These values have been determined, in form of linear
functions depending upon the specific speed Ngg at the best efficiency point, for

every main component of each hydraulic machine type covered by this standard [4].

Kuco = UCTO (21)

Ra,co = dhgo (22)

OB.COref = EL%;’MC (23)
dg.coref = O8.COsef (24)

1 + 0, 35 . (’fu,CO . I{d7()0)072
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To compute the efficiency ratio Ar a similar formula to the one used for Ag is
proposed, with the dimension factor for the disc (relating to disc friction loss) kp
and the scalable disc friction loss index dg s, defined in equation and [4].

R 7106\
Ar =dpyef - [ (7’ 510 k- L + )

DM REM
R 7109\ "7 %)
ar,p : ’
—(7,5-10"  kip - —=
( ) RT Dp + RGP ) ]
d
K = Bh (26)
PLdref
OT ref = : 27
oref Pm,ref ( )
5 re
A7 e = Lref (28)

0,4
140,154 - K

The efficiency ratio Ag can generally be neglected if the seals of model and prototype
are homologous. This is the case for the two reactor coolant pumps analyzed in this
work. Otherwise, if the seals cannot be considered homologous, the scale-up process
regarding the volumetric losses can be determined with the procedure presented in
Annex E of the standard TEC 62097 [4].

With the efficiency ratios Ag, Ar and Ag, it is then possible to calculate the scale-up
of the hydraulic efficiency 7y, the specific hydraulic energy E, the mechanical power

P,,, and the discharge (), as shown for hydraulic machines working in pump

operation in the equations , , , and [4].

Mhp = - (L4 Ap) - (1+ A7) - (1+Ag) (29)

18
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Ep=Ey - <Z—;)2 (5—2)2-(1+AE) (30)

pr (ne\° [ Dp\’ 1
Pop—=Poy- L2 (22 - 31
i’ M o (”M) (DM) 1+ Ar (31)

Dp
Dy

Qr=Qu- 22 (

nar

)3 (14 Ag) (32)

4.3 Performance scale-up for RCP and its current limitations

Reactor coolant pumps are part of the hydraulic machines excluded from the
standard TEC 62097 and therefore still follow the guidelines of the standard TEC
60193 with its limitations. One of the main reasons why the new standard was
introduced in the first place, is that with the method of the older standard machines
with lower design quality get a larger scale-up value than machines with more
efficient designs, despite the fact that the increased losses of less efficient designs are
mainly non-scalable losses. Furthermore, the procedure overestimates the efficiency
increase of hydraulic machines with low efficiencies or unfavorable flow dynamics
in their components (as the cylindrical RCP casing), due to the inaccuracies and

simplifications listed below [4]:

e The use of a constant loss distribution factor V,.; for each type of pump

regardless of its individual design quality

e The loss distribution factor V,.; is a constant value and therefore does not

consider the influence of specific speed

e The variation of the scalable losses depends only on the variation of the

Reynolds number

e The scale-up formula assumes smooth surfaces for model and prototype

19
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e The sole association of efficiency scale-up effects to a decrease of mechanical
power P, of the pump, instead of considering multiple scale-up factors and
assigning each accordingly either to the specific hydraulic energy E, the

discharge () or the mechanical power P,

Regarding the last point, it can be assumed that the efficiency scale-up effects of the
axial Type 1134 RCP can be exclusively associated with a loss of specific energy F
since the blade tip friction and volumetric losses are negligible. On the other hand,
the Type 1400 pump has a shroud ring and its friction is not negligible, therefore,
the effects of those losses have to be associated with a decrease of mechanical power
P,,. The seals of model and prototype are homologous, hence, also for this RCP,
the volumetric losses are negligible. Considering these facts, it is clear, that a sole
decrease of mechanical power P,,, as assumed in the standard IEC 60193, does not
reflect the real behavior of RCPs. Being able to apply new standard IEC 62097
would definitely improve the scale-up procedure in these regards, as it would be
possible to correctly assign the scale-up effects to the specific hydraulic energy F,

the discharge ), and the mechanical power P,,.

Former step-up calculations for the two pumps, following the IEC 60193 standard,
show an efficiency increase between model and prototype of roughly 5% [I]. In
the following chapters, the scale-up factors necessary to calculate a performance
scale-up with the new standard will be determined, so that in chapter [7.3] a

comparison and evaluation of the results between the two standards can be made.
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5 IEC 62097 scale-up procedure adapted to RCPs

As mentioned in chapter [1.3] reactor coolant pumps are currently not covered by
the international standard IEC 62097, since the scale-up factors given in standard
are not applicable to RCPs. It is therefore essential to determine these factors for
the main RCP components, to be able to employ the standard. In the following
chapters, the scale-up factors are going to be determined for the two investigated
RCPs, while in Appendix A the calculation, performed with the software Mathcad
Prime for the Type 1134 RCP, is presented.

5.1 Determination of scale-up factors for RCPs
The TEC 62097 scale-up equations in chapter [4.2| contain four different factors,

which are given by the IEC 62097 standard according to the specific speed of the

machine at the best efficiency point:

The velocity factor k,, defined by equation (21

The dimension factor x4, defined by equation and

The reference scalable energy loss d,., defined by equation and

The scalable energy loss index d,.s, defined by equation and

As shown by the equations, to determine the velocity factor k, it is necessary to
calculate the mean flow velocity v in each component and divide it by the peripheral
velocity u of the runner. The dimension factor x4 can be obtained through the
geometry of the model, as it is the ratio of the hydraulic diameter d; of the
component to the reference diameter D of the machine. For the scalable hydraulic
energy loss 6, the friction losses Er; have to determined in each component and
divided by the specific hydraulic energy E},, except for the disk friction losses Prq,
which have to be divided by the mechanical power P,, of the machine. The scalable

energy loss index d,.y is a function depending upon the other scale-up factors and
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

can be determined by the above-mentioned equations. To convert these factors into
linear functions of the specific speed Ngg of the machine at the best efficiency point,
they have to be determined for multiple RCPs (at least two) at the best efficiency
point and plotted according to the specific speed. In the following sections, this
procedure is conducted for the two axial working RCPs presented in chapter [2.1]
For the study, the pumps have been divided into the following main components,
shown in Figure [§ and [9}

Runner (RU)

— Runner blades (RB)

— Annular runner channel (RUC)

Guide vane section (GVS)

— Guide vanes (GV)
— Annular guide vane channel (GVC)

Cylindrical casing (CY)

e Shroud ring (SR) (only the Type 1400 RCP has a shroud ring)

Runner blades

Guide vanes

Annular runner channel

; - ; Annular guide vane channel

=== Cylindrical case

Figure 8: Components subdivision for the Type 1134 RCP
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=== Runner blades

= (Guide vanes

== Annular runner channel
Annular guide vane channel

=== Cylindrical case

= External shroud ring surface

Figure 9: Components subdivision for the Type 1400 RCP

As shown in the figures above, only the Type 1400 RCP has a shroud ring connected
to the external edge of the runner blades. On the internal surface, the ring generates
friction losses which affect the specific hydraulic energy E of the pump, and on the
outside surface, losses like those generated by two concentric rotating cylinders,
which affect the mechanical power P,,. The Type 1134 RCP, on the other hand,
does not have the shroud ring and therefore generates fewer friction losses affecting
the mechanical power P,,, as the surface area of the blade ends is much smaller
than the surface area of the Type 1400 shroud ring. For this reason, the losses
affecting the mechanical power are negligible for the Type 1134 RCP. Furthermore,
the friction losses in the annular casing section of the Type 1134 pump can’t be
determined like for a flow through an annular channel, since the internal surface
area of the annulus rotates with the runner velocity, while the outside surface is
stationary. To avoid further subdivisions and since the area of the internal section
of the annular channel is much smaller than the area at the outside diameter, the
friction losses of the internal surface have not been considered in this study. The

annular runner channel of the Type 1400 pump does not have this issue since,
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with the shroud ring connected to the runner blades, both the inner and the outer

surface of the annular channel rotate with the same peripheral velocity w.

5.2 The investigated operating points and RCP data

The scale-up factors for the two RCPs have to be determined at the best efficiency
point. The performance data at best efficiency was selected among the test-results
described in chapter [3land converted from the measured shaft speed to the constant
shaft speed of 1450 rpm, for the Type 1134 RCP model and 1000 rpm, for the Type
1400 RCP model. Table [l shows the main model performance data necessary to
the determination of the scale-up factors for the two pumps, Table [2| the operating
conditions at the best efficiency point for the constant shaft speed, while Table [3]

indicates the wall roughness of each component.

Type 1134 RCP Type 1400 RCP

Dy, [m] 0,29777 0,36348
nyy [rpm] 1450 1000

Re); -] 6707519 6892721
Q. 2] 0,24344 0,3984
Ejar 1] 130,353 149,955
| S [W] 38263,8 72355,3
Mh, M %] 0,82783 0,82419

Table 1: Operating data of the two investigated RCP models [I]
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Pw,M Pamb, M tw, v gm

[£4] [Pal [°C] [55]
Type 1134 RCP 998,2 101325 20 9,80703
Type 1400 RCP 998,2 101325 20 9,80703

Table 2: Operating conditions of the two investigated RCP models [I]

Ragp Ragy Ragyc Ragyc Racy
[wm] [wm] (] (] [pm]
Type 1134 0.5 05 0.8
RCP ! ! ! 2 2
Type 1400
0,5 0,5 0,8
RCP ! ! ! 2 2

Table 3: Wall roughness of each investigated RCP component [I]

5.3 Scale-up factors for the runner

The runner scale-up factors are determined by separately calculating the friction
losses of the runner blades and those of the annular runner channel, and then

combining the results to obtain the factors for the whole runner.

5.3.1 Runner blades friction losses

The runner blades friction losses of the two RCP models are defined, by considering
the flow through the runner as a flow over Zrp flat plates, where Zzp stands for
the number of runner blades, indicated in Table [I0] With this simplification, it is

possible to estimate the friction factor C'y gp of the blades with the explicit friction
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factor formula for flat plates, provided by the standard ITEC 62097 [4]. If the suction
and pressure side of the blades is not considered separately, the energy loss due to
friction Er s rp can be determined through equation , with N =2 Zgp (two
sides for each blade). In this case, the average relative velocity for the whole blade
is used. If the velocity profile along the suction and pressure side of the blades
is given, equation with N = Zgp is applied once for the pressure side and
once for the suction side of the blades. The resulted energy losses are then added
into one value. Regarding the studied RCPs, equation with N = 2. Zgp is
utilized for the Type 1400 RCP, while the version with N = Zypg is applied to the
suction and pressure sides of the Type 1134 RCP blades. The different approach
is necessary since the velocity distribution along the blades pressure and suction
sides is known only for the Type 1134 RCP, from CFD-simulations carried out
by ANDRITZ AG. Equation is obtained by substituting the friction force FY,
defined in equation [7], into equation (34)), and multiplying the equation by
N blade surfaces. Lgp is the length of one blade, Brg the width, and % the
sectional area of the flow for one blade, while w stands for the average flow velocity

relative to the blade, which is moving at the peripheral velocity wu.

2

Fy=Cy (p%) S0 (33)

with So = flat plate surface = Lgy - Bry

Ap Fy
= p A-p (34)

with A = sectional area of the flow for one blade = %

Ertre = CirB - T N (35)

with Ary = sectional area of the flow of the annular runner channel and

N = number of blade surfaces
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The mean relative flow velocity w is obtained by calculating and then averaging
the relative flow velocities at the internal and external blade diameter for the inlet
and outlet, as indicated in Figure The peripheral runner velocity u at the four
points is determined through equation , the absolute peripheral velocity of
the flow ¢, with Euler’s equation [7], and the absolute meridian velocity ¢,
through the discharge with equation .

internal & :
i
external @:

?
u
!

Wout,int Wout,ext
Cu,out,int Cu,out,ext
Cm,out,int Cm,out,ext
Cout,int Cout,ext
Uoutint |l Y 7 hiade | Uout,ext
D

Win,int \ Win,ext
Cu,in,int Cu,in,ext
cm,in,int = Cm,in,ext
Cin,int Cin,ext
Uin,int i '{._ Uin,ext

Figure 10: Flow velocities in runner blades

D
u:2-7r~nM-% (36)
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T (37)

_ Qu (38)

Cyp =
ARU

The absolute flow velocity ¢ can then be determined from the axial and peripheral
component with equation , by considering the velocity triangles of the pump
blades depicted in Figure ((11)).

c=+/c2,+c (39)

At the inlet, the peripheral component ¢, is equal to zero since the incoming flow is
considered to be purely axial. Consequently, at the inlet, the absolute flow velocity

coincides with the axial component.

Figure 11: Velocity triangles of an axial flow pump [6]
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The angle of the relative flow velocity for each point can be determined through the
geometric relations of the velocity triangles, with equation . By inserting the
angle [ in equation , the relative flow velocities at each blade point are obtained
so that, by averaging them in equation , the mean relative flow velocity in the

runner w can be determined.

[ = arctan (40)
U — Cy
Cm
oint — . 41
Wpoint sin 3 ( )
- win,int + win,ext + wout,int + wout,ext (42)

4

The velocities resulted from the above-described calculations are shown in Table
[ [, and [6], while Table [7] indicates the average relative flow velocity of the Type
1134 RCP suction and pressure side of the blades. These values were obtained by
averaging the velocity distribution along the blade sides, provided by ANDRITZ
AG ).

’u/in,int uin,ext uout,int uout,ert

(%] (%] (%] (1]
Type 1134 RCP 8,989 21,699 15,033 23,015
Type 1400 RCP 8,378 15,708 17,069 21,991

Table 4: Peripheral inlet and outlet blade velocity at the internal and external
diameter of the runner
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Cin,int Cin,ezt Cout,int Cout,ea:t

[ [ % (%]
Type 1134 RCP 4,580 4,580 11,814 8,642
Type 1400 RCP 6,064 6,064 11,525 9,363

Table 5: Absolute inlet and outlet flow velocity at the internal and external diameter

of the runner

Win,int Win,ext Wout,int Wout,ext W [average]
(%] (] (] %] (%]

Type 1134

10,089 22,177 7,115 17,684 14,266
RCP
Type 1400

10,342 16,838 7,766 14,401 12,337
RCP

Table 6: Relative inlet and outlet flow velocity at the internal and external diameter,
and mean relative flow velocity of the runner

Wpsg Wssg
(51 (%]
Type 1134 RCP 11,207 15,460

Table 7: Average relative flow velocity of the runner blades pressure side (PS) and
suction side (SS) of the Type 1134 RCP [1]

Once the mean relative flow velocity w is determined, it is possible to define the

scale-up factors for the component. The dimension factor x4 gy and the velocity
factor Ky, gy, shown in Table , are obtained through equation and [4].
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Lry
_ oy 43
R Ry = - (43)

with Ly = blade length and D), = reference diameter of the RCP model

w
u = — 44
Ru,RU W ( )

with u = peripheral velocity at reference diameter

Kld,RU Ky, RU
-] -]
Type 1134 RCP 0,73883 0,63106
Type 1400 RCP 0,55024 0,64822

Table 8: Dimension factor and velocity factor for the runner blades of the studied
RCPs

With these two factors, it is possible to compute the friction loss factor Cf rp,
defined in equation , according to the standard IEC 62097, and with equation
the specific hydraulic energy loss due to friction Epgp can be determined [4].

For the Type 1134 RCP, a separate calculation of Ersrp for the pressure side
and the suction side is performed. To do so, the velocity factor and the friction
coeflicient, inserted in equation , are calculated with the average relative flow
velocities for each side indicated in Table [7] The hydraulic energy loss of each
blade side is then added and presented in Table [10 as the total energy loss due to
friction of the Type 1134 RCP runner blades. The results of the specific calculation
of By rp of each blade side are shown in Table [9] while the total results for both
pumps are presented in Table
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Ct.rp = 0.0032 - <0.8- (5 -10° -

Cr rBres = 0.0032 - (0.8 : (

R@RB

Reref

LRB

+

Rd,RU * Ku,RU

Rd,RU * Ku,RU * Repy

)0'2 + 0.2) (45)
)0

(46)

(Simplified version of equation , since it represents the model with smooth

surface -> Ra = 0 and at reference Reynolds number -> Rey = Re,ey)

Type 1134 RCP Ky, RU* Ct rB* ErfrB
[ H [z ]

Pressure side 0,49572 0,00402 1,986

Suction side 0,68387 0,00387 3,644

Table 9: Velocity factors, friction coefficients, and total specific energy loss due to

friction for pressure and suction side of the Type 1134 RCP runner blades

fofBbgl;er;ber CtrB Ct RrBref E;¢rB

[ [ [ m?)
Type 1134 RCP 5 0,00391 0,00362 5,630
Type 1400 RCP 6 0,00403 0,00379 4,917

Table 10: Number of blades, friction coefficients, and total specific energy loss due

to friction for the runner blades of the studied RCPs

32




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

5.3.2 Annular runner channel friction losses

The annular runner channel of the Type 1134 RCP differs from the one of the Type
1400 RCP since the runner does not have a shroud ring connected to the blade
tips. This implies that the relevant velocity of the stationary surface at the outer
diameter differs from the relevant velocity of the surface at the inner diameter,
which is rotating at the rotational speed of the runner. For this reason, it is not
possible to determine the scale-up factors for the whole component and a further
split up would be necessary. To avoid an additional component break-up only the
outer surface of the annular channel is considered, since the influence of the inner
surface, by being considerably smaller than the outer surface, is negligible. On the
other hand, the Type 1400 RCP does not display this issue, since both the inner
and the outer surface of the annular channel rotate with the same rotational speed
of the runner. For the reasons mentioned above, the flow in the annular runner
channel of the Type 1134 pump is modeled as a flow through a straight pipe, while
for the Type 1400 pump it is modeled as flow through a straight annular channel.

The dimension factor k4 grye is defined in equation (50f), as the hydraulic diameter
dy, of the channel divided by the reference diameter D, of the pump. For the Type
1134 pump channel, being modeled as a pipe, the hydraulic diameter coincides
with the reference diameter, while for the Type 1400 pump the hydraulic diameter
of the annular channel is determined through equation [12]. The velocity
factor K, ruc is defined by equation , where, for the Type 1134 RCP, the mean
velocity vgye is determined by averaging the absolute flow velocities of the runner
at the external diameter of the inlet and outlet (equation (47))), while for the Type
1400 RCP, the mean velocity is equal to the average relative flow velocity w in the
runner. The hydraulic diameters, mean velocities, dimension and velocity factors
of the two RCPs are shown in Table [T1]

o Cin,ezt + Cout,emt 4
VRUC,Type 1134 — 9 ( 7)
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v
Ku,RUC = R;]C (48)

4-A

with A = Agryc = sectional area of the flow in the annular channel and

P = Pryc = wetted channel perimeter

dh,rUC
= 50
Kd,RUC D, (50)
di.ruc Kd,RUC VRUC Ky, RUC
[m] [ %] [l
Type 1134 RCP 0.20777 1 6.611 0,292
Type 1400 RCP 0,16531 0,455 12,337 0,64822

Table 11: Hydraulic diameter, dimension factor, mean velocity and velocity factor
for the annular runner channel of the studied RCPs

The friction loss coefficients at operating and reference condition Agye and Arpe ref
are obtained through the explicit formulation of the Colebrook formula for pipe
friction, proposed by Nichtawitz (equation and [4]). With the friction
coefficients Agyc and Agycrer and the mean flow velocity in the channel vgy e, the
specific hydraulic energy loss Er ¢ ryc due to friction can be determined through
equation [4]. In the equation for the Type 1400 RCP, the channel length
Lryc is equal to the runner blade length, while for the Type 1134 RCP, since the
channel wall is stationary, Lryc is equal to the distance traveled by a fluid particle
along the pipe surface. The distance Lryc rypeiis4 is defined in equation as the
hypotenuse of the triangle, having length equal to the peripheral distance traveled
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by the particle Lryc,, and height equal to the traveled axial distance Lpgyc .
Lrucm is equal to the axial length of the runner channel, while Lgyc, can easily
be determined by multiplying the absolute peripheral flow velocity ¢, with the time

t needed by a particle to cover the axial distance (t = LRgﬁ)

BRUC__ Eref > +0.26) (51)
ka,rUC * Dv Kd,RUC * Ku,RUC - Ren

Aruc = 0.0085 (0.74 <4 -10°

1 0.2
ArUCire = 0.0085 - [ 0.74 - +0.26 (52)
’ Kd,RUC * Ku,RUC

(simplified version of equation , since it represents the model with smooth

surface -> Ra = 0 and at reference Reynolds number -> Rej; = Reey)

LRUC,Typ61134 = \/LQRUC,’U, + L%{Uc,m (53)

Lruc . UQRUC (54)

Ertruc = Aguc -
/ dn.ruc 2

The results for the friction coefficients Agyc and Agyc rer and the specific hydraulic

energy loss due to friction Epfrpyc are shown in Table

ARUC ARUC ref Er¢ruc

H H [z ]
Type 1134 RCP 0,0108 0,0103 0,1080
Type 1400 RCP 0,0110 0,0102 1,0142

Table 12: Friction coefficients, and specific energy loss due to friction for the annular

runner channel of the studied RCPs
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5.3.3 Runner scale-up factors

Once the specific energy friction losses of the runner blades and the annular channel
are obtained, the scale-up factors for the whole runner can be determined. The
relative scalable hydraulic energy loss dg gy is defined in equation as the ratio
of the specific hydraulic energy loss due to friction Ep ¢ py of the runner, to the
specific hydraulic energy £}, ps of the model. Ep; gy, indicated in Table is

equal to the sum of the blade losses Erf rp and the annular channel losses E ¢ ruc

(equation ).

The calculated relative scalable hydraulic energy loss 0z gy represents the model
behavior at its current Reynolds number and its wall roughness. To be able to
apply g gy to all axial flow RCPs, it is first necessary to convert the factor to a
model with the reference Reynolds number Re,.; = 7 - 10% and smooth surface.
This is achieved by multiplying 0z ry with the ratio of the friction factors Cf gy yes
and Cypry (equation (57))), where Cygyres is the friction factor for the model
at reference Reynolds number and smooth surfaces (equation (46))). Since the
dominating losses are those of the runner blades, the friction factors C't gy res and
C gy of the runner are set equal to Cf rp ey and Cf gp, determined for the runner
blades. The same is done for the dimension factor x4 gy and the velocity factor
Ku,rU, Which are utilized to determine the scalable hydraulic energy loss index
dg,RUref I equation [4]. The dimension factor k4 gy, the velocity factor k, gy,
and the specific energy loss due to friction Ers gy of the runner are presented in
Table while the relative and reference scalable hydraulic energy loss 0z py and
dp,rUref, and the scalable hydraulic energy loss index dg gry.r are indicated in

Table [14l

Errrv = Ersre + Erp ruc (55)
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E
dp,RU = % (56)
h,M
C re
5E,RU,7‘ef = % (57)
f.RU
A Rrey = OrRUres (58)
’ ’ 1 + 025 . (K’u,RU . /fd,RU)O'Z
Kq RU Ky,RU ELf,RU
H M (]
Type 1134 RCP 0,73883 0,63106 5,738
Type 1400 RCP 0,55024 0,64822 5,931

Table 13: Dimension factor, velocity factor, and specific energy loss due to friction
for the runner of the studied RCPs

O0p RU OB, RUref dg RUref

[l -] -]
Type 1134 RCP 0,0440 0,0408 0,0336
Type 1400 RCP 0,0396 0,0371 0,0308

Table 14: Relative and reference scalable hydraulic energy loss, and scalable

hydraulic energy loss index for the runner of the studied RCPs
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5.4 Scale-up factors for the guide vane section

The scale-up factors for the guide vane section are determined, as for the runner,
by separately calculating the friction losses of the guide vanes and those of the
annular guide vane channel, and then combining the results to obtain the factors

for the whole section.

5.4.1 Guide vanes friction losses

The friction losses of the guide vanes can be determined with the same equations
utilized for the runner blades. What changes, other than the geometry, are the
velocities. As the guide vanes aren’t rotating, the relevant velocity to determine
the friction losses and the velocity factor is the mean flow velocity vgy, obtained
by averaging the velocities of the four points shown in Figure At the guide vane
inlet, the velocity vgy.y is considered to be equal to the absolute flow velocity cpu
at the runner outlet (equation ) The velocity vay e at the guide vane outlet,
on the other hand, is determined through the discharge () with equation , since
the flow is now purely axial. The velocities are then averaged in equation , to

obtain the mean flow velocity vgy. The calculated velocities are presented in Table

1))
UGV,m _ Cout,int "i2_ Cout,ext (59)
Qu
Vav,out = A (60)
GV,out

with Agy e = sectional area of the flow of the annular guide vane channel outlet

Vav,in + VGV, ou
gy = v 2 Viout (61)
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Figure 12: Flow velocities in the guide vanes

VGv,in Vav,out Vqv |average]
(%] (] (%]
Type 1134 RCP 10,228 4,648 7,438
Type 1400 RCP 10,444 3,862 7,153
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Table 15: Inlet, outlet and mean flow velocity for the guide vanes

The dimension factor k4 ¢y and the velocity factor £, ¢y can then be determined
by substituting the runner blade length Lgy with the guide vane length Lgy in
equation , and the mean relative flow velocity in the runner wgy with the mean

flow velocity of the guide vane vgy in equation .
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Kaav Ry,.Ggv
[] []
Type 1134 RCP 0,30225 0,32901
Type 1400 RCP 0,66324 0,37586
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Table 16: Dimension factor and velocity factor for the guide vanes

As for the runner blades, the energy loss due to friction Ep gy of the Type 1134
RCP can be separately calculated for the pressure and suction side of the guide
vanes, since the velocity distribution along the vanes is known from CFD-simulations
carried out by ANDRITZ AG. The average guide vane velocity for the pressure and
suction side is indicated in Table [17] [I]. With the average velocity for each side,
the velocity factor k, v+ and the friction factor Cf gy+, necessary to determine the
energy loss due to friction Ep¢qy+ for each side, can be calculated by inserting the
guide vane data into equation and . The results are presented in Table
together with the energy loss due to friction Ky, obtained through equation
(62) with N = Zgy .

Loy - B vZ
ELf,G’V = Cf,GV . G‘;ﬂ av, gV -N (62)
Zav

with Agy = sectional area of the flow of the annular guide vane channel and

N = number of vane surfaces

Vaves Vavss
[ [
Type 1134 RCP 5,457 7,949

Table 17: Average flow velocity of the guide vanes pressure side (PS) and suction
side (SS) of the Type 1134 RCP [1]
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Type 1134 RCP Ky,qv+ Ctav+ Erscve
[ H 2]

Pressure side 0,24139 0,00516 1,649

Suction side 0,3516 0,00489 3,318

Table 18: Velocity factors, friction coeflicients, and total specific energy loss due to
friction for pressure and suction side of the Type 1134 RCP guide vanes

The energy loss due to friction Er sy of the Type 1400 RCP, indicated in Table
, is determined with equation , with N = 2- Zgy. The value of Er sy for
the Type 1134 RCP in Table is obtained by making the sum of the specific
energy loss of the suction and pressure side of the guide vanes (Table . Table
shows also the friction factors Ct gy and Cgyrep of the two pumps, which were
obtained by inserting the average guide vane flow velocity (Table into equation
(45) and , adapted to guide vanes.

chfv blgl;er;ber Crav Cravires Ersav

H H H m|

Type 1134 RCP 14 0,00493 0,00470 4,967
Type 1400 RCP 11 0,00419 0,00402 4,999

Table 19: Number of blades, friction coefficients, and specific energy loss due to
friction for the guide vanes of the studied RCPs
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5.4.2 Annular guide vane channel friction losses

The friction losses for the annular guide vane channel are determined with the
same equations utilized for the annular runner channel. The annular section, being
stationary in both machines, is modeled as a straight annular channel, having
length Loye equal to the length Ly of the guide vanes. The relevant flow velocity
vgve is the same as for the guide vanes, while the hydraulic diameter dj, gvce is
calculated with equation , already utilized for the annular runner section of the
Type 1400 RCP. With the known dimensions and velocities, the dimension factor
kqcve and the velocity factor s, gyve can be determined with equation and
(48]). The friction coefficients Agye and Agyerer and the specific energy loss due
to friction Erp gy are also determined with the equations utilized for the runner

section, by simply substituting the RUC-values with the GVC-values in equation
, , and . The results for the two pumps are shown in Table [20] and

dnave Ka,Gve vave Ku,Gve

[m] ] [5] -]
Type 1134 RCP 0,12164 0,408 7.438 0,329
Type 1400 RCP 0,15519 0,427 7,153 0,376

Table 20: Hydraulic diameter, dimension factor, mean velocity and velocity factor

for the annular guide vane channel of the studied RCPs

Agve AGVCiref Ericve
H H 2]
Type 1134 RCP 0,0129 0,0116 0,265
Type 1400 RCP 0,0125 0,0113 0,495

Table 21: Friction coefficients, and specific energy loss due to friction for the annular
guide vane section of the studied RCPs
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5.4.3 Guide vane section scale-up factors

The scale-up factors for the guide vane section are summarized in Table 22] and
. The friction factors Ctgysrer and Crayg, the dimension factor k4 qvs and
the velocity factor k, gy are set equal to the values calculated for the guide vanes,
as they cause the majority of the friction losses in the guide vane section. The
specific hydraulic energy loss due to friction Ep ¢ gy of the section is obtained by
adding the friction losses of the annular channel to those of the guide vanes, as
shown in equation [63] With the friction losses and the dimension, velocity, and
friction factors, it is then possible to determine the relative and reference scalable
hydraulic energy loss 0 gv and dg gv,ref, and the scalable hydraulic energy loss
index dg gvref, by inserting in equation , 7 and the values for the
guide vane section.

Erravs = Ergav + Errave (63)
KaGVs Ku,GV'S Errcvs
M H 2]
Type 1134 RCP 0,30225 0,32901 9,231
Type 1400 RCP 0,66324 0,37586 5,494

Table 22: Dimension factor, velocity factor, and specific energy loss due to friction
for the guide vane section of the studied RCPs

Op.cv OB.GVref deGvref

[-] ] 1
Type 1134 RCP 0,0401 0,0382 0,0330
Type 1400 RCP 0,0366 0,0352 0,0296

Table 23: Relative and reference scalable hydraulic energy loss, and scalable
hydraulic energy loss index for the guide vane section of the studied RCPs
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5.5 Scale-up factors for the cylindrical casing

The cylindrical RCP casing shown in Figure [I3] has an annular inlet and the
outlet-pipe connected to the cylindrical wall. Due to the complex flow dynamics in
the casing, the friction losses can’t be accurately approximated by known formulas
for pipes or flat plates. For this reason, a CFD-analysis of the casing-flow was carried
out. The analysis provided the average flow velocity vey inside the component,
necessary to compute the velocity factor x, ¢y, and, by integrating the wall shear
stress over the surface of the casing, the friction force Fycy on the walls was
obtained. As shown in Section [5.5.3] it is then possible to calculate the remaining

scale-up factors of the component, with the data provided by the analysis.

Figure 13: Cylindrical RCP casing, vertical and horizontal section view
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5.5.1 CFD-analysis

The CFD-analysis of the cylindrical casing was realized with the commercial
software ANSYS Fluent, while the model-mesh was generated with the software
ANSYS ICEM. The first step was to draw a 3D-model of the water volume inside
the two investigated casings, by using the CAD-program Autodesk Inventor, and to

lower the computation time of the CFD-simulation, only the symmetric half of the

water volume was modeled. The geometric data of the reactor coolant pumps were
provided by ANDRITZ AG in the form of technical drawings. The 3D-model was
then loaded into the meshing program ANSYS ICEM and meshed with hexahedron
blocks, as shown in Figure

Figure 14: Meshed model of the Type 1134 RCP casing

Table 24 summarizes the mesh parameters and quality characteristics, by indicating
the element angles and 3x3x3 determinants. As shown in the table, the element
angles of both RCPs are above 18°, while the 3x3x3 determinants are above 0,3.
It is also to note, that the mesh was refined close to the casing walls, to allow

the accurate simulation of the flow effects near the walls. With the near-wall
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refinement, the y™ values of the Type 1134 casing reached a maximum of 3,25 and
the y* values of the Type 1400 casing a maximum of 5,00. y* values < 5 result in
more accurate results when simulating with the SST £ — w solution method, as
it utilizes near-wall modeling, which works best with y* values inside the viscous
sublayer [9].

Type 1134 RCP | Type 1400 RCP
Hexa cell number -] 581530 517516
Grid volume [m?] 0,042934 0,067658
Representative cell size [m] 0,00420 0,00508
3x3x3 Determinants -] > 0,3 > 0,3
Element angles °] > 18 > 18

Table 24: Mesh parameters of the simulated RCP casing models

As mentioned above, for the simulation in ANSYS Fluent, the SST k —w turbulence
model was used. It is a two-equation eddy-viscosity model, in which the Shear
Stress Transport (SST) formulation combines the advantages of the k — e and
the £ — w model. The inner parts of the boundary layer, including the viscous
sublayer, are simulated with the k& — w formulation, while in the free stream the
model switches to a k — € behavior. In this way, the problem of the £ — w model,
of being too sensitive to the inlet free-stream turbulence properties, and that of
the k — e model, of being too stiff when the equations are integrated through the

viscous sublayer, is avoided [3].

The model boundaries were chosen so that the casing inlet matches the outlet of
the guide vanes and the casing outlet ends at 300mm of the outlet pipe. In this
way, the approximated assumption of an inlet and outlet flow perpendicular to

the inlet /outlet area as boundary condition can be made. Table 25| indicates the
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input boundary conditions for the two models at the optimum efficiency point and
constant rotational speed (1450 rpm for the Type 1134 RCP and 1000 rpm for
the Type 1400 RCP). At the inlet, the mass flow and an initial gauge pressure
are set as boundary conditions, while at the outlet the outlet gauge pressure is
used. The pressures set as boundary conditions were obtained through pressure

measurements, carried out by ANDRITZ AG at different positions in the pump
casing [1].

Type 1134 Type 1400

RCP RCP
Inlet mass flow 4] 121,516 198,841
Inlet initial gauge pressure [Pal 297789 273495
Inlet turbulence intensity [%] 0,05 0,05
Outlet gauge pressure [Pal 287548 263495
Outlet turbulence intensity [%] 0,05 0,05
Wall shear condition -] No slip No slip
Wall sand grain roughness [m] 0,00001 0,00001

Table 25: Boundary conditions of the simulated RCP casing models

The simulation of the best efficiency points, specified in Table [I} was carried out
at steady-state conditions, with the solution methods indicated in Table 26, The
iteration maximum was set to 3000 for the Type 1134 RCP casing and to 2000 for
the Type 1400 RCP casing. Figure [15] and [16] show the streamlines with a velocity
magnitude coloration and the wall shear stress for the simulated Type 1134 RCP
casing. The resulted average flow velocity in the casing and the wall shear force,
obtained by integrating the shear stress over the casing surface, are indicated in
Table 27 When the results were computed, the modeled 300mm long outlet pipe
was omitted since the scale-up factors should represent only the cylindrical casing,

as shown in Figure [I6
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Figure 15: Streamlines and velocities inside the Type 1134 RCP casing
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Figure 16: Wall shear stress on the Type 1134 RCP casing surface
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Type 1134 RCP

Type 1400 RCP

Solver

Pressure-based

Pressure-based

Scheme

SIMPLE

SIMPLE

Spacial discretization
gradient

Least Squares Cell Based

Least Squares Cell Based

Spacial discretization
pressure

Second Order

Second Order

Spacial discretization
momentum

Second Order Upwind

Second Order Upwind

Spacial discretization
turbulent kinetic energy

Second Order Upwind

Second Order Upwind

Spacial discretization
specific dissipation rate

Second Order Upwind

Second Order Upwind

Table 26: ANSYS Fluent solution methods of the RCP casing models

Type 1134 RCP | Type 1400 RCP

m
S

Average velocity in the casing [Z] 3,707 3,597

Wall shear force

[NV] 56,042

70,464

Table 27: Average velocity and wall shear force of the RCP casing models
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5.5.2 Grid independence study

To ensure that the simulated model-meshes converge asymptotically towards the
exact solution when refining the meshes, a grid independence study was conducted.
The utilized Richardson- Extrapolation requires three distinct meshes (coarse,
medium and fine), which were studied, to ensure that the asymptotic range is
achieved. Index 1 refers to the fine grid, index 2 to the medium (reference) grid
and index 3 to the coarse grid. The procedure follows the ASME guideline for
estimation and reporting of uncertainty in CFD applications [2]. The observed
parameter is the head difference AH between casing inlet and outlet, determined
through the total pressure difference of the three simulated grids. As suggested
by the guideline, a refinement factor r greater than 1,3 is chosen and indicated
in Table for each RCP. The refinement factor r is equal to the ratio of the
representative cell height h of two grids, which can be determined through equation
and is shown, with the other grid parameters, in Table

h— (%)1/3 (64)

with N = total number of cells and V' = grid volume

medium-fine grid coarse-medium grid
21 732
Type 1134 RCP 1,331 1,360
Type 1400 RCP 1,346 1,385

Table 28: Refinement factors of the investigated model grids

With the known refinement factors 75 and 739, the extrapolated values ¢eg¢ 01 and
¢32.c2t can be determined with equation . ¢ stands for the observed parameter
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

and p for the apparent order of the method, obtained through iteration with the
procedure presented in reference [2]. At this point, the approximate relative errors
e, and the extrapolated relative errors e.,; can be calculated with equation and
(67). The grid convergence indexes GCI result from equation and are shown
in Table 29, with the other just described values. The asymptotic range is reached
if equation is fulfilled [IT]. As the refinement factors for the medium-fine grid
ro1 and coarse-medium grid r3s differ just marginally, the average value r is used in
the equation. The results are presented in the last row of Table 29 and show that
the asymptotic range is achieved for the grids of both models (values ~ 1). Figure
and [18| validate the results, as the asymptotic character of the convergence curve

is clearly visible.

7”22?1 “P1 — P2
ex - 65
e = (65)
o = |12 (66)
1
Cext,21 = ’W (67)
ext,21
17 25 - €a,21
GCly = ——= 68
21 - (68)
rP . GOIQl
— — ~1
GClIs (69)
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

requirement (value ~ 1)

Type 1134 Type 1400

RCP RCP
Apparent order P 4,015 5,411
gﬁﬁ?ﬁﬂaﬁﬁf ;iﬁlf . AHean 1,389 0,804
ot iy | e | 139 0,504
%ﬁpfifgjx.ﬁ:t;fdfrmr €a,21 6,919 1,642
B Cconmsemedan gidy | © 26,547 10062
trapolated wlative cror || s
] (contsemedium gy | 9,314 2,016
medi e i) GO 1013 0515
(conrsemodiam i) GCLa | 13602 2,611
Asymptotic range % 0.971 064

Table 29: Results of the grid independence study
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Figure 17: Asymptotic convergence of the head difference for the Type 1134 RCP
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Figure 18: Asymptotic convergence of the head difference for the Type 1400 RCP
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

5.5.3 Cylindrical casing scale-up factors

With the average flow velocity in the casing vcy and the wall shear force Fy ey
(Table , obtained through the simulation, it is now possible to determine the
scale-up factors for the cylindrical casing. The dimension factor kg ¢y is defined
as the ratio of the hydraulic diameter of the casing dj, ¢y to the reference pump
diameter. Due to the complex geometry, the hydraulic diameter is approximated by
averaging the hydraulic diameters of the annular casing inlet section, the cylindrical
casing section, and the outlet section. The individual hydraulic diameters were
determined through equation , and the average value is presented with the
resulted dimension factor k4 ¢y in Table . The table also shows the velocity factor
Ku,cy, Which is determined by inserting the average flow velocity veoy, obtained
from the simulation, in equation . Equation provides the specific energy
loss due to friction Erfcy. In the equation, the wall shear force Fy ¢y is divided by
the density py and the sectional area of the flow Agy, obtained by averaging the
sectional areas utilized to determine the mean hydraulic diameter. The equation is
derived from equation , which sets the friction force generated on the channel
walls equal to the pressure drop Ap multiplied by the cross-sectional area of the

flow and equal to the shear stress integrated over the channel surface [10].

A
Ff = AP . Achannel = // 7-walldswall with _p = ELf (70)
s Pw

with A pannet = cross-sectional area of the flow & S, = channel wall surface

_Frov (71)

Brpov = Acy - pw
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

dh70y Kdqcy KRy,.cy ELf’cy

[mn] H [ |

Type 1134 RCP 0,20609 0,69210 0,16396 0,928
Type 1400 RCP 0,24591 0,67655 0,18899 0,772

Table 30: Dimension factor, velocity factor, and specific energy loss due to friction
for the cylindrical casing of the studied RCPs

The energy loss due to friction Fr oy is then divided by the specific energy Fj, ar
of the pump in equation , to obtain the relative scalable hydraulic energy loss
dp,cy. As for the other components, the reference scalable hydraulic energy loss
can be calculated by multiplying dg ¢y by the ratio of the reference friction factor
Acyref to the regular friction factor Acy. The friction factors in equation are
obtained from equation and , by substituting the values of the runner
channel with those of the cylindrical casings. The scalable hydraulic energy loss
index dg cyrep can then be determined through equation , from the previously
calculated factors [4].

FE
dpcy = éf’cy (72)
h,M

A re
OB,CYref = —iz ! (73)

Y

o 5E,CY,ref

dE,CY,ref - 0.2 (74)

140.351 - (Kucy - Kacy)
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

Acy ACY ref O0p.cy Op.cvrer | Arcvires
H H H 8 8
Type 1134 0,0127 0,0119 | 0,00712 | 0,00667 | 0,00544
RCP
E{%Pf‘j 1400 0,0124 0,0117 | 0,00515 | 0,00486 | 0,00394

Table 31: Friction factors, relative and reference scalable hydraulic energy loss, and
scalable hydraulic energy loss index for the cylindrical casing of the studied RCPs

5.6 Scale-up factors for shroud ring friction

As mentioned in chapter [5.1] only the Type 1400 RCP has a shroud ring connected
to the blade tips, which generates friction losses affecting the mechanical power
P,,. Hence, the losses affecting the mechanical power of the Type 1134 RCP are
considered negligible, as the area of the blade tips is much smaller than the external
shroud ring surface of the Type 1400 RCP.

Figure 19: Shroud ring connected to one of the Type 1400 RCP runner blades [I]
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

The losses caused by the friction of the flow between the external surface of
the shroud ring and the casing are calculated with the equations describing the
flow between two rotating cylinders. The friction loss coefficient Cr gr is obtained
through equation ([76)), with the rotational Reynolds number Rw defined in equation
I8]. By inserting the friction coefficient Crgx in equation (77)), it is then
possible to determine the power loss Prfsr due to shroud ring friction. Equation
defines the relative scalable friction loss 07, as the ratio of the power loss
Pr¢ sk to the mechanical power P, ys of the pump. To obtain the reference value
Orrep With equation 7 it is first necessary to calculate the friction coefficient
at reference condition Cr g ,cf, by inserting the reference rotational speed wy.s
(equation ([79)) in equation and (76). As the wall-roughness is not considered
in the friction factor, the scalable friction loss index dr coincides with the reference
scalable friction loss d7. The friction factors and the rotational Reynolds numbers
of the Type 1400 pump are indicated in Table while the mechanical power loss,
the relative and reference scalable friction loss, and the scalable friction loss index
are presented in Table |33]

cw-b
Ry — /SR"W"0 (75)
vw

with rgrp = %; w = 2-m-n; b =average clearance between cylinders

Cr.sr = 0,00759 - Rw™ %24 (76)
TSR Rw Rw,.f Crsr Crsiyref
[m] g H Hl Hl
Type 1400 RCP 0,1986 67654 68707 0,00053 | 0,00052

Table 32: Shroud ring radius, rotational Reynolds numbers, and friction coefficients

for the shroud ring of the Type 1400 RCP
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5 1EC 62097 SCALE-UP PROCEDURE ADAPTED TO RCPS

Prisp=Crsp-2 -7 pw-w’ ren- Lsp (77)

with Lgr =length of the shroud ring

_ Prysr
oy = Tt ™)
2. Vw o RGref
ey = oW Berer (79)
Cr.sRre
(5T,ref = % ' 5T (80)
T.SR
Prrsr O7.sR OT SR ref dr sgyref
(W] [-] [-] [
Type 1400 RCP 619,077 0,00856 0,00852 0,00852

Table 33: Mechanical power loss due to friction, relative and reference scalable
hydraulic energy loss, and scalable hydraulic energy loss index of the Type 1400
RCP shroud ring
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6 SUMMARY OF THE RESULTS

6 Summary of the results

The factors determined in chapter [j] for each component, and necessary to scale-up
the performance of RCP models, are summarized in Table [36) and
These factors will be linearly interpolated in section to obtain linear functions

depending upon the specific speed Ngg of the machine to be scaled-up. With the

linear functions, it is then possible to scale-up RCPs by applying the formulas in
chapter [7] which were derived from the IEC 62097 standard.

RUNNER SCALE-UP FACTORS

f
Velocity factor Reference Scalable energy
scalable energy loss index d
Fou loss 0p ref Eref
Type 1134 RCP 0,6311 0,0408 0,0336
Type 1400 RCP 0,6482 0,0371 0,0308

Table 34: Scale-up factors for the runner of the studied RCPs

GUIDE VANE SECTION SCALE-UP FACTORS

Velocity factor Reference Scalable energy
scalable energy loss index d

Fou loss 0 e Epref
Type 1134 RCP 0,3290 0,0382 0,0330
Type 1400 RCP 0,3759 0,0352 0,0296

Table 35: Scale-up factors for the guide vane section of the studied RCPs
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6 SUMMARY OF THE RESULTS

CYLINDRICAL CASING SCALE-UP FACTORS
f
Velocity factor Reference Scalable energy
scalable energy loss index d
Fou loss 0p ref Eref
Type 1134 RCP 0,1640 0,00667 0,00544
Type 1400 RCP 0,1890 0,00486 0,00394

Table 36: Scale-up factors for the cylindrical casing of the studied RCPs

SHROUD RING SCALE-UP FACTORS

Reference scalable energy loss | Scalable energy loss index
6T,ref dT,ref

Type 1400 RCP 0,00852 0,00852

Table 37: Scale-up factors for the shroud ring of the Type 1400 RCP

6.1 Derived linear functions for scale-up factors

The scale-up factors for each component can now be transposed into linear functions,
by plotting the values according to the specific speed Ngg of each studied RCP and
then linearly interpolate the plotted points. The specific speed Ngg of the RCPs
is obtained from equation [4] and presented in Table . With the known
specific speed, it is then possible to plot all the factors and obtain a linear function

for each component. The plots and the resulted functions are shown in Figure 20}

[21], and

60



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6 SUMMARY OF THE RESULTS

0,5
N . M, opt QM,opt
QE — 0,75
M ,opt

(81)

Type 1134 RCP

Type 1400 RCP

Specific speed Ngg

0,30908

0,24549

Table 38: Specific speed of the studied RCPs
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Figure 20: Flow velocity factor of each component
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Figure 22: Scalable energy loss index of each component
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6 SUMMARY OF THE RESULTS

6.2 Flux diagrams

The flux diagrams below show how the losses affect the efficiency of the two RCPs.
The shroud ring losses reduce the mechanical input energy of the pump, while the
losses of the runner, guide vane section, and cylindrical casing affect the specific
hydraulic energy. The diagrams also indicate the amount of scalable (friction)
losses and non-scalable (kinetic) losses for each component. While for the runner
roughly 50% of the runner losses are scalable and for the guide vane section 60% are
scalable, the loss subdivision for the cylindrical casing is considerably less balanced,
since only roughly 10% of the casing losses are considered scalable. The source of
this unbalance is the cylindrical casing shape, which generates unfavorable flow
dynamics inside the casing, but is necessary for safety reasons, as the cylindrical

shape allows for reliable X-ray testing during production.

Pm
(Mechanical input power)
N —— Pise

(negligible)

Eifru

[Rul:mer] \ / (3,64% of Pyy)
' ELru _— Eicru

e vo e alusoen e e e (7,29% of Pm) (3,65% of Pr)
1
i
(Guide vane section) Evrcvs
3,32% of Py
:l ELcvs / pazhert)
EPSUT——- SA———————— (5,33% of Py = (Z(ﬁﬁ;‘é‘;‘fpm)
1
(Cylindrical casing) Erccy
' (0,59% of Pry)
______________ i p Evcy < E
R ’ Lk,CY
p*Q ] En (4:60% of Pn) ™ (4 0104 of P,y)
Py = En*p*Q
(Hydraulic power 82,78% of Pp)

Figure 23: Flux diagram for the Type 1134 RCP
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Figure 24: Flux diagram for the Type 1400 RCP
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7 MODEL TO PROTOTYPE PERFORMANCE SCALE-UP

7 Model to prototype performance scale-up

The procedure to scale up the model performance data to the prototype, according
to IEC 62097, was presented in chapter [4.2l The component subdivision in the
standard is slightly different than the one performed for the investigated RCPs
and for that reason, the formulas to calculate the efficiency step-up ratio A of each
component are presented once more below. Equation applies to the runner and
the guide vane section, equation to the cylindrical casing, and equation (84)) to
the shroud ring of the Type 1400 RCP. The equations are obtained by entering the
friction coefficients of each component into the definition of the efficiency step-up
ratio in equation , , and [4]. With the pump data and the equations for
the scale-up factors &, and d,.; introduced in chapter the model performance
of RCPs can then be scaled up to the prototype. An example of the performance
scale-up calculation for the Type 1400 RCP is presented in section [7.1]

Ra Rere 0,2
AE,RU/GVS = dE,CO,Tef . [ (5 . 105 . "iu,CO A CO,M + f>

DM ReM
P - 05 (82)
aco,p Eref \
—(5-10° kyco -
< fu,C0 Dp * Rep )
Raconm — Reyes 02
A =dpcorer- | (4-10° Kuco - ’
ECY E,CO,ref [( Ku,cO Dus + ReM)
- B o (83)
aco,p Eref ’
—(4-10° kyco -
( Fou,00 Dp + Rep )
Reyes 0,24 Dp  Ren 0,24
A =d7yef - — — | = 84
T.5R Tref <R€M) DM Rep ( )
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7 MODEL TO PROTOTYPE PERFORMANCE SCALE-UP

Cry—C
Ag ru/Gvs = Opref - (%) (85)
Av— A
AE',CY = 5E,ref : (]VI)\—fP> (86)
Cry — C
AT,SR - 6T,ref : <%fﬂj) (87)

7.1 Example of model-prototype step-up calculation

The following step up calculation is carried out for the Type 1400 RCP at the best
efficiency point, indicated in Table |39, The table shows also the wall roughnesses
and the necessary input data of model and prototype. The RCP seals are considered
to be homologous so that the volumetric efficiency 7q results equal to 1. Appendix
B shows the complete scale-up calculation, performed with the software Mathcad

Prime.

As a first step, the velocity factors x, and the scalable energy loss indexes d,s
can be computed for each component, by inserting the specific speed Ngg in the
equations presented in chapter [6.1] The obtained loss indexes are presented with
the velocity factors r, in Table [0l Once the scale-up factors are determined, the
efficiency step-up ratios A can be computed for each component with equation
, , and . By making the sum of Ag gy, Agcvs, and Ag oy, the total
efficiency step-up ratio affecting the specific hydraulic energy Ag is obtained. Ag
is indicated in Table @, together with Ay affecting the mechanical power, and Ag
affecting the discharge, but equal to 0 since the seals are homologous. By inserting
the calculated efficiency step-up ratios in equation , , , and , the
model performance data can be scaled-up to the prototype. The resulted prototype
performance is presented in Table 41| and shows an efficiency increased from model

to prototype of 2,03%.
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7 MODEL TO PROTOTYPE PERFORMANCE SCALE-UP

casing

Model Prototype
Reference diameter [m] 0,363479 0,89
Shaft speed H 16,65 19,833
Discharge 2] 0,398 -
Specific hydraulic energy [’Z—;] 149,655 -
Mechanical power [kWV] 72,171 -
Hydraulic efficiency [%] 82,4 -
Efficiency at optimum point [%] 82,5 -
Reference Reynolds number -] 7.106 -
Reynolds number -] 6, 88583 - 108 4,07173 - 108
Specific speed -] 0,24549 -
Water density [£2] 998,43 745
Wall roughness of runner [em] 0,5 0,8
Wau roughness of guide vane (] 0.5 0.8
section
Wall roughness of cylindrical (] 2.0 3.9

Table 39: Scale-up input data for the Type 1400 RCP [1]
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7 MODEL TO PROTOTYPE PERFORMANCE SCALE-UP

. Scalable Efficiency
Flow velocity . )
p hydraulic energy | step-up ratio
actor k, .
loss index d,.; A
Runner 0,64824 0,03084 0,00890
Guide vane section 0,37582 0,02957 0,00992
Cylindrical casing 0,18897 0,00394 0,00116
Shroud ring - 0,00852 0,00457
Total efficiency step-up ratio Ag affecting the specific 0,01998
hydraulic energy
Total efficiency step-up ratio At affecting the mechanical 0,00457
power
Total efficiency step-up ratio A affecting the discharge 0

Table 40: Flow velocity factors, scalable hydraulic energy loss indexes, and efficiency
step-up ratios for the Type 1400 RCP

Prototype
Discharge ] 6,9598
Specific hydraulic energy [ ] 1298.57
Mechanical power [EW] 7974,82
Hydraulic efficiency [%] 84,43

Table 41: Prototype performance of the Type 1400 RCP
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7 MODEL TO PROTOTYPE PERFORMANCE SCALE-UP

7.2 Influence of prototype wall-roughness

As mentioned in chapter [£.3] the additional consideration of wall roughness in the
scale-up process is one of the main improvements of the IEC 62097 standard over
the scale-up procedure presented in the IEC 60193 norm. To examine the influence
of different prototype wall roughnesses on the resulted efficiency increase of the
scale-up, multiple scale-up calculations, with different wall-roughnesses, have been
performed for the two investigated RCPs. From the results presented in Table 99, it
is possible to see that, if the surfaces of model and prototype are set as smooth, the
efficiency increase reaches its maximum, with 3,69% for the Type 1134 RCP and
3,36% for the Type 1400 RCP, compared to the ~ 2,1% of the regular scale-up. On
the other hand, if the wall roughness is gradually increased, the efficiency increase
diminishes until reaching 0 or even become negative if the wall roughness is set high
enough. This behavior is considered as an improvement since it penalizes hydraulic
machines with rougher wall surfaces, which would have the same efficiency increase

to machines with smoother walls if scaled-up with the older IEC 60193 procedure.

Type 1134 RCP Type 1400 RCP
0,0 0,0 0,0 3,69% 0,0 0,0 0,0 3,36%
0.8 0.8 3,2 [rejljlvi(lyfles] 038 038 32 [reaZI’%?;(lyfles]
2,0 2,0 9,5 1,34% 2,0 2,0 2,5 1,29%
3,0 3,0 8,0 0,90% 3,0 3,0 8,0 0,90%
4,0 4,0 10,5 0,57% 4,0 4,0 10,5 0,60%
5,0 5,0 13,0 0,30% 5,0 5,0 13,0 0,35%
6,0 6,0 15,5 0,07% 6,0 6,0 15,5 0,14%

Table 42: Efficiency difference between model and prototype for different prototype
wall roughnesses of the investigated RCPs
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7 MODEL TO PROTOTYPE PERFORMANCE SCALE-UP

7.3 Comparison to IEC 60193 scale-up method

In chapter [4.3] it was mentioned that the scale-up method presented by the IEC
60193 standard overestimates the efficiency increase due to multiple inaccuracies.
This fact can be observed by comparing the results of the efficiency scale-up of
the investigated RCPs, calculated with the two different methods. The results are
presented in Table [43] and it is noticeable that the efficiency difference, obtained
through the IEC 60193 procedure, is considerably higher than the one obtained by
applying the TEC 62097 standard.

Anpar—sp (IEC 62097) | Anya—sp (IEC 60193)

Type 1134 RCP 2,16% 5,44%

Type 1400 RCP 2,03% 5,05%

Table 43: Efficiency difference between model and prototype for different scale-up
methods

The reason behind this difference, other than the general overestimation of the IEC
60193 method, is the fact, that the IEC 62097 procedure includes the effects of
the wall roughness difference between model and prototype. This effect can reduce
the efficiency, obtained by considering smooth walls, up to 1,5%, as is shown in
Table [42], where the IEC 62097 method was applied for smooth and rough wall
surfaces. Furthermore, as the IEC 62097 procedure considers each component
individually, and just 10% of the cylindrical casings losses are considered scalable,
the total amount of scalable losses of RCPs with this type of casing is smaller than
for pumps with more favorable casing designs. As already mentioned, the reason
for utilizing a cylindrical casing design for reactor coolant pumps lies in the very
demanding safety requirements for nuclear power plant equipment. The cylindrical
casing shape, being relatively simple, results very suitable for X-ray testing, which
is necessary to find unwanted inclusions, cracks or production defects. This casing
shape is therefore preferred to more intricate designs (as spiral casings), which are

more efficient, but at the same time more difficult to test for faults.
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8 CONCLUSION

8 Conclusion

The aim of this work was to determine the scale-up factors necessary to apply the
IEC 62097 standard to reactor coolant pumps. This was achieved, by studying
two RCPs with different specific speeds at the optimum efficiency point. The
RCPs were divided into main components, and the scalable losses determined
for each of them. For the runner and guide vane section, the friction losses were
determined through formulas for friction losses in channel flows and flows over flat
plates, provided by the IEC 62097 standard. The friction losses in the cylindrical
casing had to be determined through a CFD-analysis of the casing, as the complex
casing flow dynamics can’t be accurately approximated by common friction loss
formulas. The analysis was performed with the commercial software ANSYS Fluent
and, as a solver, the SST k — w solution method was utilized. To ensure the
convergence of the grid, a grid independence study was conducted. The Type
1400 RCP was additionally provided with a shroud ring, connected to the runner
blade tips, and the losses caused by it were determined via a formula for concentric

rotating cylinders.

The flux diagrams in chapter show how, for the runner, 50% of its total losses
are scalable, for the guide vane section, 60% are scalable, while for the cylindrical
casing only 10% of its total losses are considered scalable. This unbalance in the
casing losses derives from the cylindrical shape, which is chosen as it allows reliable

X-ray testing during production, but doesn’t generate convenient flow dynamics.

With the scalable losses, velocities, and geometry of the RCPs, the scale-up factors
could be determined for each component and plotted according to the specific speed
of the machine. From the plots, linear functions were derived for each component,
so that now, once the specific speed of an axial low RCP at a specific operating

point is known, the scale-up factors for that RCP can be easily obtained.

The scale-up method of the IEC 62097 and TEC 60193 standard were compared, by
performing scale-up calculations for the investigated RCPs, with both procedures.

The results showed the expected overestimation of the efficiency increase from
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8 CONCLUSION

model to prototype by the IEC 60193 procedure, with an efficiency difference
of roughly 5% compared to the 2,1% of the IEC 62097 procedure. To further
investigate the differences between the methods, the effects of wall roughness were
analyzed in the IEC 62097 procedure and showed that for the studied RCPs, the
efficiency difference is reduced up to 1,5%, compared to the scale-up performed
with smooth walls. By increasing the roughness of the prototype walls, it was
additionally observed that the efficiency difference between model and prototype
decreases gradually, which is the desired behavior, as prototypes with rougher
surfaces should have a worse efficiency than prototypes with smooth surfaces. This
effect is not covered by the IEC 60193 procedure, as it assumes smooth surfaces

for the scale-up.

Through the study of the two axial low RCPs, this work set the groundwork to
apply the IEC 62097 standard to this type of pumps. The accuracy of the linear
functions, describing the scale-up factors, could be further improved by studying
multiple additional axial flow RCPs, with different specific speeds at the optimum
efficiency point. By doing so, a greater range of specific speeds could be covered

and the linear functions improved, by interpolating more points for each factor.
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APPENDIX A

Appendix A

Computation of scale-up factors for the Type 1134 RCP

(Explanation notes marked in grey)

1. Model constant data

Reference diameter:

Local acceleration due to gravity:

Reference Reynolds number acc. to IEC:

Area of high pressure section:

Area of low pressure section:

Zeta of high pressure side:

Zeta of low pressure side:

Wall roughness of runner blades:

Wall roughness of guide vanes:

Wall roughness of annular runner channel:
Wall roughness of annular guide vane channel:

Wall roughness of cylindrical casing:

73

Runner blades

Guide vanes

Annular runner channel
Annular guide vane channel
Cylindrical case

Dy, =0.29777 m
9:=9.80703 1>
SZ

Re,.;:=7-10°
A;:=0.046434 m®
A,:=0.059115 m*
¢;:=0.037

¢,=0.248
Ragp:=0.5-10"°m
Ragy=0.5-10"m
Ragye=0.8:10"m
Ragyc=2-10""m

Racy:=2:10"m
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APPENDIX A

2. Test point data

Water temperature:

Test absolute ambient pressure:

Test point shaft speed:

Pressure at low pressure section:
Differential pressure high & low pressure section:

Pressure at high pressure section:

Density of water at high pressure section:

Density of water at low pressure section:

ty=17.56 °C
Damp.*=97200 Pa

12484 l=20.80667 1

S 8

Nrpi=

p,:=101050 Pa
D12:=90674 Pa

Pr=Da+pro=(1.91724.10°) Pa

k
p1=998.764 —2

o
pyi=998.722 19

mS

Discharge calculation from Venturi tube measurements

Differential pressure at Venturi nozzle:

Absolute pressure at Venturi nozzle:

p,=7236 Pa

Dy = Damp, + P+ 1o = (2.88924.10°) Pa

Density of water at Venturi nozzle:

Venturi flow coefficient:
Reference diameter of Venturi nozzle:

Test point discharge:

0.5

Qup=C-D,” - Z .(2.&) =

Pv

74

kg
pyi=998.764 —

m

C:=1.037057

Dy:=0.260 m

3

0.20959
S
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APPENDIX A

Specific hydraulic energy

(the term with ¢-values considers the losses between measuring and reference sections)

Test point specific hydraulic energy:

QTP : QTP : QTP : QTP :
- Gie +Coe )
P12 Ay A, Ay A, m
Ejrp= + + =96.62547
p1t+p; 2 2 s
2

Mechanical power calculation from lever arm force measurements

Model lever arm force: F;:=105.4386 N

Model lenght of lever arm: R;:=1.78015 m

Preloading: Mypeqi=0 kg

Test point torque: Tyrpi= (Fp+Mypq+ g) « Ry =187.69652 N-m

Test point mechanical power: P, rp:=T,, rp+ 2+ npp=(2.4538-10") W

m.

2
m.

Test point specific mechanical energy: Em,Tp::—'TP: 117.22053
pP1&rp S

Calculation of efficiency and Reynolds number

Test point hydraulic power: Py rp:=py+Eprp* Qrp= <2.02268- 104) w
. . —_ i Py.rp
Test point Hydraulic efficiency: Nprp= =0.8243
m.TP

. (tw—273.15 K)

Viscosity of water: =17.56
1K
2 2
vyi=exp|—16.921+ (29013 ) ™ _ (4 egan.107) T
107.41+1¢ s s
. . Dy e engp 6
Test point Reynolds number: Reppi=—————=5.43481-10
Vw
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APPENDIX A

3. Data scaling to constant shaft speed of 1450 rpm

The scaled data at constant shaft speed will be used during the following calculations and
is therefore defined as "model data" with the subscript "M".

14 1 1
Constant shaft speed: anzﬁ —=24.16667 —
60 s s
. k k
Water density: pw=998.2 =9 =998.2 —9_
m’ m’
Ambient pressure: Pamp :=101325 Pa
. Ny m?
Discharge: Quri=Qrp——=0.24344
Nrp S
- . v : m?
Specific hydraulic energy: Eyyi=E,pe|—| =130.35272 ——
Nrp s°
E
Head: Hyp=—M = 13.29176 m
g
- . QMo.s
Specific speed: Nggi=ny+———-==0.30908
M
Reynolds number: Re,:=6707519

The model pressure at low pressure section is determined through the equal Thoma
number o of the model at tested and at constant shaft speed.

Q 2
_ NPSE,; NPSEqp P2t Pamb—Po (Az)

o with NPSE =
Eym Eyzp P (P2 tw) 2
Vapour pressure at cavitation section: Dy =2163 Pa
Vapour pressure at cavitation section for 1450 rpm: Pyar=2337 Pa

Pressure at low pressure section:

QTP : Q]W :
D2 +pamb._pv‘tw + A2 Eh.M A2

. —_ . + p—
s 9 Eh_Tp 2 Pw T Py.m— Pamb

Ponvr=

Por=(1.65405-10°) Pa
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APPENDIX A

Differential pressure between high and low pressure section:

2 2 2 2
(QM) _(QM) C1_(QM] +<2_(QM)
Ay Ay Ay Ay
Proari=|Enn— > - 2 *Pw

Proar=(1.22257-10°) Pa

Calculation of efficiency
(the efficiency is scaled to the constant shaft speed of 1450 rpm by utilizing the scale-up
formula presented in the standard IEC 60193)

Efficiency at optimum point: Nopt = 0.82579
Reynolds nuber at optimum point: Re,,;:=5619775
Loss distribution coefficient: V,0efi=0.6
. . 1- nopt

Relative scalable loss: Opepi= =0.10233

Re'ref 016 4 _ Vref

+
Reopt Vref
o ) Rergf 0.16 Rergf 0.16
Efficiency difference: AN A= 0pepe — =0.00353
- ReTP ReM
Model efficiency: Nt =Nnrp+ ANy rp 2r=0.82783
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APPENDIX A

4. Runner (RU) scale-up coefficients

4.1 Runner blades (RB):

The friction losses for the runner blades are determined with the friction coefficient of a
flat plate. The utilized relative velocity is an average of the relative velocities at the inner
and outer diameter of the runner inlet and outlet.

4.1.1 Runner blades dimensions:

Average runner blade width:

Average value of the runner blade width, determined by averaging the blade width at the
impeller inlet and outlet.

(0.30973—0.1973) +(0.28581 —0.1184)

Bppi= . -m=0.06996 m
Runner blade length: Lpp:=0.220 m
Number of runner blades: Zppi=5

Diameters and areas: Dy outent i=0-30973 M Dpyouring:=0.198 m

Drpyinest=0.28581 m  Dpyriini=0.1184 m
Cross sectional area of the flow in the annular runner channel at the outlet and inlet

2 2
(DRU.zmt.ezt - DRU.out.int ) *
4

4 2
=0.04455 m

ARy .out =

2 2
(DRU.in.eact —Dguy.inint )'

4

m 2
=0.05315 m

ARy .ini=
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APPENDIX A

4.1.2 Runner blades velocities:

Velocities
u = peripheral velocity
Cy = absolute flow velocity
Cr = absolute meridian flow velocity
c = absolute flow velocity
w = relative flow velocity

Subscripts
exrt = at external diameter
int = at internal diameter
out = at runner outlet
n = at runner inlet

internal @ =
external @!
Wout,int Wout,ext
Cu,out,int Cu,out,ext
cm,nul,im Cm,oul,en
Cout,int Cout,ext
unut,int unut,ext
Win,int Win,ext
Cu,in,int Cy,in,ext
Cn,in,int Cm,in,ext
Cin,int Cin,ext
Uin,int Uin,ext
Peripheral outlet velocity at D,,,:
D m
Ugt.ext =2 TNy ————=23.51527 —
2 S
Peripheral outlet velocity at D,,,:
D m
Upytint =2 * T eny o —————=15.03252 —
2 8
Peripheral inlet velocity at D,,,:
m
Wip omt =2 T+ Ny e =21.69922 5
Peripheral inlet velocity at D,,,:
Dry.in.int m
Wy it 1= 2+ T+ Mo ———2 = 8.98914 >
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APPENDIX A

Absolut peripheral outlet velocity at D,,,:

H 1
cuﬁout‘ezt = J - * =6.69619 ﬂ
Uout.ext  Th.M s
Absolut peripheral outlet velocity at D,,,,:
“H 1
Coontimi= M 10,4748 T
Uout.int  TIh.M s
Absolut outlet meridian velocity: Con_out ::&: 5.46379 1%
ARU.out s
. . , Qum m
Absolut inlet meridian velocity: Con_in = =4.58045 —
RU.in s

Absolute outlet velocity at D, :

2 2 m
Cout.ext = \/Cm_out +Cu_(mt.emt =8.64245 ?

Absolute outlet velocity at D,,,, :

2 2 m
Cout.int *= \/cmfout + Cqut‘int =11.81416 ?

The absolute flow velocity at the runner inlet is assumed to be purely axial

Absolute inlet velocity at D, : Cin.cat =Cm_in=4.58045 m
B S

Absolute inlet velocity at D,,,,: Cinint = Crm in="4.58045 m
- 8
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APPENDIX A

External outlet relative velocity angle:

_ Cmowt ) =0.3141

ﬂaut.emt i=atan
u, C

out.ext — “u_out.ext

Internal outlet relative velocity angle:

C
ﬁout.int :=atan (m+out) =0.87557

Uout.int — cuﬁout.int

External inlet relative velocity angle:

C. .
Bin.cat = atan ( mm ] =0.20803

Uin.ext

Internal inlet relative velocity angle:

C, .
Bining :=atan | —=" | =0.47126
Win,.int
. L Cin_out m
External outlet relative velocity: Wt ent ' =——F—————=17.6843 —
S (Bout.ezt) s
C
Internal outlet relative velocity: Wopim = —= = 711518 %
S <ﬁout.int> s
. : : Crm_in m
External inlet relative velocity: Wip eqt'=———————=22.17739 —
sin <ﬁin.emt> s
. . o Crm_in m
Internal inlet relative velocity: Wiy, it = —————=10.08887 —
sin <ﬁmznt s

Averaged relative velocity calculated with the relative flow velocity at the inner (int) and
outer (ext) diameter of the impeller inlet (in) and outlet (out).

Average relative velocity:

_ Win.int T Win.ext T Wout.int T Wout.ext =14.26643 ﬂ
4 ' s

81



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

APPENDIX A

4.1.3 Runner blades dimension factor:

kqry = Runner blade length divided by the reference diameter of the RCP

. . . Lyp
Dimension factor: Kqpu=——=0.73883
Dy

4.1.4 Runner blades flow velocity factor:

D
Reference peripheral velocity: U= 27T oy e 2M

=22.60724
S

Kkqpru = Runner blade average relative velocity divided by the reference peripheral velocity

Flow velocity factor: Ky RU =2 ~0.63106
u

4.1.5 Friction loss coefficient for runner blades:

Friction loss coefficient of a flat plate (IEC 62097):

Friction coefficient of a flat plate according to IEC 62097, with Ragp = surface roughness
of the runner blades and Re, ., = reference Reynolds number (7- 10° acc. to IEC)

0.2

Ra, Re,,
R f )

RB Kq.ru* Ku.ru - Repr

Cf,RU:o.oosz-[o.so- (5-105 . +0.2o)

C.py=0.00391

4.1.6 Friction loss coefficient at reference condition:

The friction coefficient at reference condition is calculated by considering a model with
smooth surfaces and with Reynolds number equal to Re,.;. With these considerations, the

friction coefficent formula simplifies to the form presented below.
Friction loss coefficient of a flat plate (IEC 62097):

0.2

+0.20|=0.00362

1
C.1pep=0.0032+[0.80 + | ————
Kd.rU* Ku.RU
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APPENDIX A

4.1.7 Friction specific hydraulic energy loss at the blades suction and pressure side:

For the Type 1134 RCP Andritz AG provided the relative velocity distribution along the
pressure and suction side of the runner blades, which allowed a separate calculation of the
friction losses of each blade side.

Apy = average cross sectional area of the flow in the annular runner channel
(annular inlet area + annular outlet area)/2

(0.30973% —0.198?) « v N (0.28581% —0.1184%) . 7r
4 4
Apyi= 5 m’ =0.04885 m®

Average relative velocity for the suction and pressure side of the runner blades and the
therewith calculated velocity factor for each blade side.

w
Wegi=15.46049 % Ko 55 ::%: 0.68387

Wwpg=11.20679 %

w
Kury psi=—— = 0.49572
S u

Friction factor for each blade side

0.2

. Ra Re
C/ ry s5=0.0032+(0.80+|5-10% . —Z ref +0.20
’ Lpp  Karu*Kuru_ss Rey
Cf iy 55=0.00387
0.2
Ra Re
Cy ruy psi=0.0032+{0.80+|5-107 . 2 ¢ ref +0.20
Lgp  Karu*kuru ps*Rey
C} gy _ps=0.00402
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APPENDIX A

Friction force equation for a flat plate (K.-H. Grote, J. Feldhusen; DUBBEL-Taschenbuch fiir
Maschinenbau; Springer; 2012):

2
F.=C,- (p- vz )-SO with S, = blade surface = Ly - Brg
Energy loss due to friction:
F A
E =ﬂ =7 with A = sectional area of the flow for one blade = —22
p A-p RB

The equation is then multiplied by the number of blades Zgz, since each blade has a
suction/pressure side.

2
Lpp+Brp wgg

«Zpp=3.64390

Ersrp ss=Ciru ss* 1
RU s

2
Lgp+Brp wps

«Zpp=1.98618 ™

Ersre_rsi=Crru ps-
- - ARU 2 s

4.2 Annular runner channel (RUC):

The inner wall of the annular runner channel moves at the rotational speed of the runner,
while the outer wall is stationary. In order avoid a further component subdivision to
calculate these minor losses, the moving inner surface is not considered, as it is
considerably smaller compared to the outer surface.

=== Annular runner channel
Annular guide vane channel
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APPENDIX A

4.2.1 Annular runner channel geometry:

Since the flow inside the runner channel has a peripheral velocity, a fluid particle traveling
along the outer channel surface covers a longer distance than the axial length of the
channel. The distance covered by the fluid particle at the outer channel wall is, therefore,
determined by calculating the hypotenuse of the triangle having length equal to the
peripheral distance traveled and height equal to the axial channel length.

Axial length of the runner channel: Lpycmi=2+0.0569 m=0.1138 m

Time needed for a water particle to flow through the channel at average meridian
velocity:

L
te=—HUCM _0.02266 s
(cmfout + cmjn

2

Peripheral distance traveled in this time at average peripheral velocity:

m
cuﬁin.emt =0

<cufout.emt + cuﬁin.emt)
2

+1=0.07587 m

Lpycw=

Flow length of runner channel: Ly := \/LRUC“2 + Ly’ =0.13677 m

4.2.2 Hydraulic diameter:

Hydraulic diameter of the runner channel:

Dryri +D
dh.RUC — RU.in.ext RU.out.ext —0.29777 m

2

4.2.3 Dimension factor:

_ dh.RUC _

Dimension factor of the runner channel:  kj gy = 5 1
M
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APPENDIX A

4.2.4 Mean velocity in flow passage:

Since the losses are calculated only for the outer channel wall, the averaged channel
velocity is set equal to the velocity, obtained by averaging absolute velocity of the inlet and
outlet at the outer diameter.

Mean velocity in runner channel:

C, +c; m
Vpue = aut.ezt2 in.exrt —6.61145 ?

4.2.5 Flow velocity factor:

Flow velocity factor of the runner channel:

v
RUC _0.29245

Ky.rUC =

4.2.6 Friction loss coefficients:

The friction coefficient is calculated by using the explicit formula for pipe friction according
to IEC 62097.

Friction loss coefficient for runner channel (IEC 62097) :

0.2

+0.26|=0.01076

RG‘RU C + Rere f

Arpc=0.0085 - [0.74. (4- 10° -

Karue* Dy Burue* Karue* Rey

4.2.7 Friction loss of specific hydraulic energy:

The energy loss due to friction is calculated by using the formula for pipe friction losses
according to IEC 62097.

Friction loss of specific hydraulic energy at the runner channel:

2 2
Lpye  vrue

=0.10803 2

ELf.RUC =Aguc*
dproc 2 s
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APPENDIX A

4.3 Scalable hydraulic energy loss index for the runner:

Total specific hydraulic energy loss due to friction in the runner:

The total energy loss is equal to the sum of the losses due to friction of the pressure and
suction side of the runner blades, and the friction losses of the runner channel.

m2

Eryru=Ersrp ss+Eryrp ps+Erp ruc=>5.7381 —;
s

Relative scalable hydraulic energy loss:

E
LIRU _ .04402

Op.RU=
h.M

Reference scalable hydraulic energy loss:

To obtain a scalable energy loss index applicable to all axial working RCPs, it is necessary
to convert the relative scalable energy loss to the relative energy loss at reference
condition. This is achived by mutiplying the relative energy loss by the ratio of the
reference friction coefficient to the regular friction coefficient.

c
5E.RU.ref =0p ru —gM =0.04083
f.RU

Scalable hydraulic energy loss index:

6E.RU.ref
g RUref= —=0.03362

140.25+ (K, g Ka.ro)
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APPENDIX A

5. Guide vane section (GVS) scale-up coefficients

For the guide vane section the same procedure and friction formulas used for the runner
are adopted. What changes is the geometriy and the relevant velocity.

5.1 Guide vanes (GV):

5.1.1 Guide vane dimensions:

Average guide vane width:

Average value of the runner blade width, determined by averaging the blade width at the
impeller inlet and outlet.

(0.32889—0.20366) + (0.3152 —0.1973)

Beyi= " -m=0.06078 m
Guide vane length: Ly =0.090-m
Number of guide vanes: Zoy=14
Diameters: Dev out.ext:=0.32889 m

DGV.out.int :=0.20366 m

Guide vane outlet area:

Cross sectional area of the flow in the annular guide vane channel outlet

<DGV.out.emt2 —ng.aut.intz) T —0.05238 m?>

AGV‘out:: 4
5.1.2 Dimension factor:
. . ) Leay
Dimension factor: Kqayi=——=0.30225
DM
88



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

APPENDIX A

5.1.3 Guide vane velocities:

!
I outlet
VGv,out _:' VGv,out
'
: Guide
1 vane
VGV, in,int ! Vv, in ext
Jin, g in,
+ —
i ] L inlet L
Cmn,int % Cout.ext
1
.
:
internal @ i W D ——
-
external & ;!
!
L.
7
1
. . . Cout.cxt T Cout.int m
Average guide vane inlet velocity: UGV‘in::f: 10.22831 —
s

At the guide vane channel inlet the velocity is assumed to be equal to the runner outlet
velocity.

_ _earse ™

Average guide vane outlet velocity: Vav.out =
AGV.out S

At the guide vane channel outlet it is assumed that the flow velocity is purely axial and can
therefore be determined by dividing the discharge by the cross sectional area of the flow
at the outlet.

) ) v, -+ v
Average guide vane velocity: UGV::wz 7.43795 1%
S
5.1.4 Flow velocity factor:
. . Vav
Flow velocity factor: Kyayi=——=0.32901
u
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APPENDIX A

The following calculation of the energy loss due to friction of the guide vanes (friction on
flat plates) is identical to the calculation carried out for the runner blades, with the values
of the guide vanes.

5.1.5 Friction loss coefficient:

Friction loss coefficient of a flat plate (IEC 62097):

0.2

5 Ra’GV Reref
C}y+=0.0032+{0.80+|5-10 - + +0.20
Ly Kq.av* v Rey
C}av="0.00493
5.1.6 Friction loss coefficient at reference condition:
Friction loss coefficient of a flat plate (IEC 62097):
0.2
+0.20(=0.0047

1
Cr.qvrep=0.0032+ [0.80 . (——
Ka.gv*Ru.gv

5.1.7 Friction specific hydraulic energy loss at the vanes suction and pressure side:

For the Type 1134 RCP Andritz AG provided the relative velocity distribution along the
pressure and suction side of the guide vanes, which allowed a separate calculation of the
friction losses of each vane side.

328897 —0.20366°  0.3152% —0.1973> : :
0.32889 40 0366°  0.315 40 973 -;Tm2=0.04992m2

Agyi=
Aqy = average cross sectional area of the flow in the annular guide vane channel
(annular inlet area + annular outlet area)/2

Yav.ss _.3516

m
Vv sgi="7.94865 5 Ku.Gv_§5°=

v
GVPS _0.24139

m
Vgy psi=5.45712 ? Ky.qv_psi=

Average flow velocity for the suction and pressure side of the guide vanes and the
therewith calculated velocity factor for each vane side.
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APPENDIX A

Friction factor and specific energy loss due to friction for each vane side

0.2

Ra, Re
Cev 55:=0.0032+]0.80[5.10° . — ¢ ref 10.20
B Loy Kagv:bkugy ss Rey
Ci.ov s5=0.00489
R R 0.2
a e
C ey ps=0.0032+|0.80+[5.10° . —Y 1 ref 40.20
Loy Kagv:bucv_ps:Ren
Cy.ov ps=0.00516
Lev+Bey gy ss” m’®
Ersev ssi=Crav_ss . —Zoy=3.31749 5
Ay 2 s

ZGV

2
m
+Zy=1.64901 7
Qv 2 s

ZGV

2
Ley+Bgy vev ps

Eisev ps=Crav ps*

5.2 Annular guide vane channel (GVC):

The annular guide vane channel walls are both stationary, which allows the calculation of
friction losses with the formulas for annular channels.

m===Annular runner channel
Annular guide vane channel
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APPENDIX A

5.2.1 Annular guide vane channel geometry:

Average area of the flow at the guide vane channel:

.32889% —0.2 2 .3152% —0.1973> . )
Ay 0.32889% —0.20366 +03 5 0.1973 T m? —0.04992 m’
4 4 2

Acsve = average cross sectional area of the flow in the annular guide vane channel
(annular inlet area + annular outlet area)/2

Average wetted perimeter of the guide vane channel:
Peye=((0.32889+0.20366) +(0.3152+0.1973)) % m=1.64156 m
Length of guide vane channel:  Ly:=0.090-m

5.2.2 Hydraulic diameter:

Hydraulic diameter of guide vane channel:

4.A
Ay cvei=—arC =0.12164 m
PGVC
4.A . .
b = global formulation for the hydraulic diameter

5.2.3 Dimension factor:

. . . . dyave
Dimension factor of guide vane section: Kaave = =0.40849
M
5.2.4 Mean velocity in the flow passage:
Mean velocity in the guide vane channel: Vayei=Vay = T7.43795 m

S

The mean velocity in the guide vane channel is equal to the average flow velocity of the

guide vanes.
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APPENDIX A

5.2.5 Flow velocity factor:

Peripheral velocity at the reference diameter:

m
W=Dy 7o my=22.60724 —
S

Flow velocity factor of the guide vane channel:
G

v,
nu.GVC:z%z 0.32901

5.2.6 Friction loss coefficients:

The friction coefficient is calculated by using the explicit formula for pipe friction according
to IEC 62097.

Friction loss coefficient (IEC 62097) of the guide vane channel:

0.2

+0.26

Ra, Re
e 4 ref =0.01292

Agve=0.0085- (0.74- (4- 10° -

Kagve Dy Bugve*RagveRey

5.2.7 Friction loss of specific hydraulic energy:

Friction loss of specific hydraulic energy at the guide vane channel:

L v 2 2
Errave=Aqve: GV, GYC —0.26453 m

dh‘GVC 2 S‘

5.3 Scalable hydraulic energy loss index for the guide vane section:

Total specific hydraulic energy loss due to friction in the guide vane section:

The total energy loss is equal to the sum of the losses due to friction of the pressure and
suction side of the guide vanes, and the friction losses of the guide vane channel.

Erp evs=Ersav sstErpav pstErpave=5.23104
s
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APPENDIX A

Relative scalable hydraulic energy loss:

E
Spavsi= —givizo.oml?,

h.M

Reference scalable hydraulic energy loss:

C
f.GV.ref
0p.avsret=0p.avs Tre =0.03824
.GV

Scalable hydraulic energy loss index:

5E.GVS‘re f

dE.GVS.ref:= 7= 0.03304

1+0.25- (Fv‘u_GV' Hd.GV)
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APPENDIX A

6. Cylindrical case (CY) scale-up coefficients

Inlet Inlet

6.1 Cylindrical case geometry:

Average cross-sectional area of the flow at inlet section:

2 2 2 2
(0.32889 40.20366 )+ (0.36366 - 0.2194%) -;r-m2=0.05922 m?

Acy_m =

Average cross sectional area of the flow at the annular casing inlet, necessary to calculate
a representative cross sectional area of the flow for the entire cylindrical casing.

Average cross sectional area of the flow at outlet section:

Cross sectional area of the flow at the elliptical part of the casing outlet, where the outlet
pipe connects to the cylindical part of the casing.

Acy_out.l==0.13085.COS(20-F)_ 0.2617

——— -7 +0.2617-2-(0.3594 —0.279) - tan 20-m
180 2

180

Cross sectional area of the flow of the outlet pipe

0.2436% «7r

ACY_out,2 = 1

Average cross sectional area of the flow at outlet section

(AConut. 1t AConut‘2>
2

m> =0.05623 m?

ACY_out =
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APPENDIX A

Average cross-sectional area of the flow at cylindrical part:

2
0.035 m* =0.06601 m?

Acy o=|(0.628—-0.3664)-0.2617 —4-

Average cross-sectional area of the flow for the whole casing:

Representative cross-sectional area of the flow for the whole casing, used to obtain the
energy loss due to friction from the wall shear force, determined through the CFD-analysis.

Acy_intAcy out TAcy ey
3

=0.06049 m?

Ay =

6.2 Hydraulic diameter:

The representative hydraulic diameter for the casing is defined as the average of the inlet,
outlet, and cylindrical part of the casing.

Average perimeter of the annular inlet section:

-m=1.7524 m

Py in=((0.32889+0.20366) + (0.36366 + 0.2194)) - 727

Average perimeter of the outlet section (elliptical connection & outlet pipe):

2
207 0.2617
P, 1= |7\/2+[]0.13085-cos +

PCY_out.2 :=0.2436-mm

2

20
+4.0.0804- tan [ 22| | m
180

PCY_out.1+PCY_out.2

Peoy outi= 5 =0.84005 m
Average perimeter of the cylindrical part:
. —0. 4 .261
Py oy=2+[0.2617-2-0.035+2+1/2-0.035+ 2. 0.628-0.3664 —0.035) 402 7) m

Pey oy =1.22629 m
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APPENDIX A

s . — 4+Acy in
Hydraulic diameter of inlet section: dycy in'=—————=0.13518 m
PC’Y_in
. . . . 4 'ACY_out
Hydraulic diameter of outlet section: dhcy oi=———=0.26777T m
CY _out
L . . i 4 'ACY_cy
Hydraulic diameter of cylindrical part: dpoy oyi=————=0.21532 m
PCchy

Average hydraulic diameter:

The representative hydraulic diameter of the casing is necessary to determine the
dimension factor «, for the casing.

Aoy int Ancy_out T Ah.cy ey

dyoyi= 3 =0.20609 m
6.3 Dimension factor:
. . . dp.cy
Dimension factor: Kgoy = =0.6921
M

6.4 Mean velocity in flow passage:

The mean flow velocity in the cylindrical casing was obtained from the CFD-analysis of the
casing.

Mean velocity in flow passage: Voy=3.70671 m
S

6.5 Flow velocity factor:

Peripheral velocity at the reference diameter: w:=Dy, 7oy, =22.60724 m
L)

. . Vey
Flow velocity factor: Kycyi=——=0.16396
u
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APPENDIX A

6.6 Friction loss coefficients:

The friction coefficients are not directly utilized to determine the friction losses in the
cylindrical casing, but to convert the relative scalable losses to reference scalable losses.
The friction coefficients are calculated by using the explicit formula for pipe friction,
according to IEC 62097.

Friction loss coefficient (IEC 62097):

0.2

R(lcy " Rem f

,\CY:=0.0085-[0.74-(4-105- +0.26]=0.01273

Kaoy* Dy Bucy*Kacy*Rey

Friction loss coefficient at reference condition (IEC 62097):

0.2

+0.26|=0.01193

1
Aoy rep=0.0085+10.74 + | ————
Ku.cy*Ka.cy

6.7 Friction loss of specific hydraulic energy:

The wall friction force in the cylindrical casing was determined by integrating the wall
shear stress over the surface of the cylindrical casing in the CFD-analysis.

Friction force on the walls:

Fteoyi=2-28.02090 N=56.0418 N

The obtained wall friction force is multiplied by 2, since only the symmetric half of the
cylindrical casing was simulated.

Friction loss of specific hydraulic energy:

The specific energy loss due to friction is obtained by dividing the wall friction force by the
cross sectional area of the flow and the density.

Energy loss for a channel:

. A F
Ap-A=JTWdSW=FW with B ==L =>  Ey=—Y
P A-p
Fyeoy m®
Eppoy=—t =0.92816
Acy*pw s
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APPENDIX A

6.8 Scalable hydraulic energy loss index:

Relative scalable hydraulic energy loss:

Reference scalable hydraulic energy loss:

A
Op.cyrefi=0pcy Vel —0.00667
Y
Scalable hydraulic energy loss index:
1)
dE Gy ref™= Bovre —_=0.00544

140351+ (Ky oy Kacy)
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APPENDIX B

Appendix B

Performance scale-up of the Type 1400 RCP

1. Model data
Reference diameter: D,;;:=0.363479 m
999 1 1
Shaft speed: nyi=—— —=16.65 —
60 s s
m3
Discharge: Qy:=0.398
S
m2
Specific hydraulic energy: E)=149.655 ——
)
Hydraulic efficiency: Npari=0.824
. . 999 1 1
Shaft speed at optimum point: Mpfopti=—— —=16.65 —
60 s s
m3
Discharge at optimum point: Qnp.opt=0.398
S
m2
Specific hydraulic energy at optimum point: B opti=149.655 ——
S
: kg
Water density: Pari=998.43 ——
m3
Water temperature: tyi=20 °C
Water viscosity:
396.13 : :
vypi=exp [—16.921 + ™ —(1.00361-107%)
ty—273.15 K s s
10741+ —MF———
1K
E, -
Mechanical power: Pm_M::M:n,nmg EW
Mh.m
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APPENDIX B

Reference Reynolds number:

Re,.;:=7-10°

D, «men,,

Reynolds number: Rey =M M 6.88583.10°
Vng
. . _ C)M.optOA5 _
Specific speed: Nopi=nasopt*—— 57 =0.24549
'M.opt )
Wall roughness of runner: Ragy=0.5-10"°m
Wall roughness of guide vane section: Ragysp=0.5-10"%m
Wall roughness of cylindrical casing: Racy =210 m
2. Prototype data

Reference diameter: Dp:=0.89 m
Shaft speed: np:zﬁ 1 19.83333 1

60 s s

. kg
Water density: ppi=T45 —=—
m3
Water temperature: tp:=290.6 °C
Water viscosity:
396.13 m® :

vpi=exp|—16.921 +

107.41+

Reynolds number: Rep:

Wall roughness of runner:
Wall roughness of guide vane section:

Wall roughness of cylindrical casing:

1K
Dy’ emenp s

=4.07173-10

Vp
Ragpy p=0.8-10"° m
Ragy p=0.8-10"°m
Racy pi=3.2-10"m

101

s

M _(1.21212.107)
tp—273.15K || s
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APPENDIX B

3. Step-up calculation

3.1 Flow velocity factors:

Runner: Ky.qu=—0.2699+-Ngp+0.7145=0.64824
Guide vane section: Ky.cvs=—0.7368 Ngp+0.5567=0.37582

Cylindrical case: Ky oy =—0.3936 N +0.2856 =0.18897

3.2 Scalable hydraulic energy loss index:

Runner: dp ref ru=0.04372+ Np+0.02011=0.03084
Guide vane section: dg ref.cvs=0.05457-Np+0.01617=0.02957
Cylindrical case: dp rep.oy=0.02359 - Ngp—0.00185 =0.00394

Shroud ring: A yef.sr=0.00852 = 0.00852

3.3 Efficiency step-up ratios:

Runner:

0.2 0.2

Ra Re
_|5. 105 Koy R 'RU.P + ref
Dp Rep

Ragy + Re,, f

Apru=Adgefru* 5:10° « K RU®
Te, Uu. DAI ReM

Ap gir="0.0089

Guide vane section:

0.2 0.2
Ragys .y Reref Ragy p Reref
A =d |15-10° -k Y ]5.10° -k . e —
E.GVS E.ref.GVS ( u.GVS DM RCNI u.GVS DP RCP
Ap cvs=0.00992
Cylindrical case:
0.2 0.2

Racy + Re,, f
Dy, Re,,

Racy p + Re,, f
Dp Rep

Agcy=Cdgreroy: (4' 10° <Ky oy e ) - (4' 10° « Ky oy

Ap oy =0.00116
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APPENDIX B

Total efficiency step-up ratio affecting the specific hydraulic energy:

AE = AE.RU+ AE.GVS+AE.CY: 0.01998

Efficiency step-up ratio affecting the mechanical power:

Api= dT‘ref‘SR .

Rey, \ % (D, Rep)
M B e =0.00457
Reref DP Reref

Efficiency step-up ratio affecting the discharge:

AQ::O

3.4 Prototyope performance at tested point:

Hydraulic efficiency:

Mnp=1hare (1+Ag) « (1+Ag) - (1+Ag) =0.8443

Efficiency difference between model and prototype:

ANy _pi=Npp—Nhar=0.0203

Discharge:

3
m

3
Qp=Qyy-—F-. (&) - (1+4)=6.9598

Vs M s

Specific hydraulic energy:

2 D 2 ) 2
EP::EM-[nP] ( PJ - (1+Ay) = (1.20857-10%)
S

Mechanical power:

np\* (Dp)\°
Py p=Py L0 |22 22 )= (r97482.10°) kW
pM n’M D]\/I 1+AT
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