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Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

Abstract

In the present study, a reduced scale model of a low-pressure stage of a two-stage
pump turbine was investigated when it operates in pump mode, which is as a
centrifugal pump with vaned diffuser. An instability region was found in its Q-H
curve. This instability region, centered into the flow rate interval between 0.45 to 0.7
Qpes, restricts the stable operating range of the test pump.

The object of this study was to analyze the origins and development of the
unsteadiness inner pump during this saddle instability region, and to find the causes of
this saddle, which could guide the design, and optimization of the test pump.

Experimental and numerical approaches have been adopted to contribute the
understanding on the highly complex flow interactions inside the test pump. The
analyses pointed out that the instability of Q-H curve during this flow rate interval
was mainly affected by the flow field unsteadiness into the diffuser. Severe flow
separation occurred into the diffuser, affecting and/or affected by the unsteadiness
from the impeller and return channel remarkably.

Both at full and part load, due to the U shape stay vanes in the return system, a
3-dimentional complex flow was found on the suction side of stay vane near the U
turn corner. This flow caused a periodic unforced pressure disturbance with frequency
St=0.6625 in the diffuser. A rotating stall with 5 cells into the diffuser was also
highlighted by the experimental analyses and the numerical results validated that this
disturbance was mainly due to the unsteady flow patterns in the return channel.

With the reduction of flow rate, the location of this unsteadiness in return channel
move closer to the outlet of diffuser, and the unsteadiness made the flow separation
near the stay vane leading edge on the suction side more severe and it impacted the
flow in diffuser flow field in a more severe way.

At the same time, two types of unsteadiness were detected in the impeller in the
saddle instability region. They were the flow separation with the frequency St=0.6625
at the impeller blade suction side and the wake-jet near the trailing edge of impeller
blade with the frequency St=0.335, respectively. The wake-jet caused a periodic
disturbance with a frequency of St=0.335 in diffuser as well. The experimental results
indicated that it propagate circumferentially with 2 cells.
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At the beginning of this saddle instability, in diffuser, the intensity of the fluctuations
at St=0.335 and St=0.6625 both increase with the falling flow rate. With the
development of these unsteady patterns, they mixed and caused a blockage in the gap
between impeller and diffuser. This blockage caused the increase of the amplitude at
BPF, which has been detected both by experimental and numerical results. At the
same time, the further development of the blockage weakened the intensity of the two
disturbances with frequency of St=0.335 and St=0.6625 in the blockage region. The
blockage fully developed near the critical flow rate of 0.6 Qpes. At this condition, the
intensity of rotor and stator interaction increased and energy loss also increased which
caused the drop of head and mean pressure at the exit of impeller. Furthermore, the
disturbance in diffuser which caused by wake-jet of impeller lost the periodic
character with frequency of St=0.335 at this condition. This is the reason why the
non-linear component St=0.335 disappeared in diffuser around 0.6 Qpes.

Key words: Centrifugal pump with vaned diffuser, saddle instability, unforced
unsteadiness, numerical simulation, experiment
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Riassunto

Il campo di moto all’interno di uno stadio a bassa pressione di una macchina reversibile
pompa-turbina bistadio &stato analizzato in dettaglio nel funzionamento da pompa. E’ stato
identificata una regione di instabilitafunzionale centrata in un intervallo di portata comprese
fra 0,45-,7 Qoes, che limita il campo di funzionamento della turbomacchina sotto test.

Le origini, lo sviluppo e la dinamica delle instabilitache si ingenerano all’interno di questo
campo di esercizio sono state analizzate per cercare di identificare le cause della caduta di
prevalenza e poter guidare successivamente la progettazione e I'ottimizzazione della pompa di
prova.

Approcci sperimentali e numerici sono state adottati per contribuire alla comprensione delle
interazioni di flusso estremamente complessi all'interno della pompa di prova. Le analisi
hanno evidenziato che linstabilita della curva Q-H in questo intervallo di portate &
principalmente conseguente all'instabilitaacampo di flusso nel diffusore. Separazioni marcate
si verificano nel diffusore, conseguenza o amplificate dalla instabilitaadella girante o dei
canale di ritorno.

Nei canali di ritorno, sia a pieno carico che ai carichi parziali, &stato riscontrato una zona di
ricircolo in prossimitadel gomito e vicino alla superficie in depressione. Questo ricircolo
causa un disturbo con frequenza St = 0,6625 nel diffusore. Nella zona di instabilitaalla stessa
frequenza éstato individuato uno stallo rotante con 5 celle nel diffusore sia dalle analisi
sperimentali che dai risultati numerici.

Al ridursi della portata, la posizione di questa instabilitanel canale di ritorno trasla verso la
sezione di uscita del diffusore rendendo il campo di moto nel diffusore pitiinstabile.

Per queste portate sono state identificate due sorgenti di instabilitanella girante. La prima con
la frequenza St = 0,6625 sul lato in depressione delle pale e il secondo nella zona di jet vicino
alla sezione di uscita della girante con la frequenza St = 0,335. La zona di jet causa anche un
disturbo periodico con una frequenza di St = 0,335 nel diffusore. I risultati sperimentali hanno
evidenziato che questa instabilitagenera una pulsazione di pressione con 2 cellule.

In corrispondenza della zona di instabilita I'intensitaadelle fluttuazioni a St = 0,335 e St =
0,6625 aumenta al diminuire della portata. Contemporaneamente ampie zone del traferro tra
girante e diffusore risultano bloccate. Questo blocco causa un‘amplificazione delle pulsazioni
alla frequenza di passaggio delle pale BPF rilevato sia da risultati sperimentali che numerici.

Allo stesso tempo, l'ulteriore sviluppo del blocco indebolito I'intensitadelle due fluttuazioni
v
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di pressioni a frequenza di St = 0,335 e St = 0,6625. Tale sviluppo raggiunge I'apice per una
portata di circa 0,6 Qoes. A questa condizione, l'intensitaxdell'interazione rotore e statore
aumentata e la perdita di energia aumentata causando la caduta di prevalenza all'uscita della
girante. Inoltre, l'instabilitanel diffusore perde il suo carattere periodico con frequenza di St =
0,335.

Parole chiave: Pompa Centrifuga, Diffusore Palettato, InstabilitaFunzionale, Pulsazioni di
Pressione, Simulazione numerica, esperimento

Vi



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

Contents

[ INEFOTUCTION . 1
Chapter 1 INTrOQUCTION .....c..viiiiiiieie et 1
1.1 Pumped-Storage HydroeleCtriCity ........cccviveiiiieiicce e 1
1.2 Reversible PUMP TUIDINE.......coiieiee e 3
1.3 Instabilities in the Performance Curves at Partload Operation ..............cccoeeneee. 4
1.4 The Flow Patterns in Impeller and Diffuser at Partload...............ccccoevveirinnnnn. 7
1.4.1 Flow Separation in DIffUSEN .........cccooiiiiiiiiiiieeeee e 7
1.4.2 Flow Patterns in IMPeler ..........coco ot 8

1.5 Overview of the CUIrent WOTK..........coooviiiiiiiiiieeeee e 10
1.5.1 Situation of the RESEAICN .........ccoviiiiii e 10
1.5.2 Problems and ODJECHIVE..........ccciieiiie e 11
1.5.3 Document Organization............ccoverrererierenieseseeeeee e 12

I Experimental INVESLIgatioN ...........ccoveiiiiiiiec e 13
Chapter 2 Investigation Methodology of EXPeriment ...........ccccceevieniieneninnnieienns 13
2.1 Overview of the Open Turbomachinery Facility ..........ccccoveviieiiiiiiccece, 13
2.1.1 Reversible Pump-Turbine Scale Model.............c.cocoooiiieiiciciccecc e, 14

2.2 Digital Data ACQUISTTION.......ccveitiiiiiiiieiieieie e 15
2.2.1 Global Performance MeasuremeNts...........coeererieirinienieiinenees e 16
2.2.2 Dynamic Pressure MeasUremMeNt .........cccooereririrenieieie e 20
2.2.3 Flow Visualization TEChNIQUES .........ccevieiieeieiieie e 23

2.3 SIGNAL ANAIYSIS ... 24
2.3.1 Analog-to-digital CONVEISION ........cceiiiriiieiiiiesiceiee e 25
2.3.2 Processing in Time DOMAIN .....c.cocvieiiiiiiieiie e 28
2.3.3 Processing in Frequency DOMAIN .........ccocoiiiiiiiinieiee e 29
Chapter 3 Analysis of Experimental ReSUILS ..........c.ccccveiiiiiieie e 34
3.1 Analysis of the Pressure Signals ..., 34
3. L1 First SErieS OF TESES ....ocviriiiiiiiieeee s 38
3.1.2 SeCONd SErieS OF TESES ....ccveiveiiiirieeiieieier e 47

vii



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

3.1.3 Identification of Rotating Stall by Pressure Signal .............cccooiiniiiinn, 54

3.2 High-Speed FIow Visualization ...........ccccooveiieiiiiciie s 57
3.3 CONCIUSIONS ...t bbbttt 64
I Numerical INVESTIQatioN..........ccviieiieiecie e 65
Chapter 4 Investigation Methodology of Numerical Simulation.............c.c.ccccceevenen. 65
4.1 Simulation of the FIOW Field...........ccooiiii e, 65
4.1.1 GOVErning EQUALIONS ........ccveivieiiiiecieeie et 65
4.1.2 Turbulence Modelling .........ccocoiiiiiiiii e 67
4.1.3 Computational Domain and MeShing..........c.ccceeveiieniiiie i 68
4.1.4 Boundary Conditions and Numerical Algorithm...........cccocinnininiiienn, 70

4.2 Simulation of Intensity of Dipole SOUICES .........ccccuiiriiieieie e, 71
4.2.1 Method of Computational Flow-Induced NOISE...........cccevvevviieiieiecienen, 72
4.2.2 Numerical Scheme of Intensity of Dipole SOUrces ..........ccccocvvriiniiiiniennn, 74
Chapter 5 Numerical Simulation Validation ..............cccccoveviiiii i, 76
5.1 Quantitative Validation ............cccocveiiiiieiiiie e 76
5.2 Qualitative Validation ...........ccoeiiiiiiiiie et 78
5.3 CONCIUSIONS ...ttt 81
Chapter 6 Unsteady Patterns at Full Load Condition ............cccccovevienivniienn e, 83
6.1. Unsteady Flow Patterns in Diffuser and Return Channel ..............ccccceoveienen. 83
6.1.1 Statistical Analysis on Pressure FIUCTUALIONS ...........ccccoviverieiieieeie e, 83
6.1.2 Unsteady Pattern at St=0.6625 ...........cccccevieiiiiieii e 85
6.1.3 Unsteady Pattern at St=0.042 and 0.085...........ccccecvererieiieie e 88

6.2. Unsteady Disturbance in Impeller..........cccoooiiiiiiiiiie e, 98
6.3 Intensity of Dipole Sources in Return Channel..............ccccooveviiicic e, 100
6.4 CONCIUSIONS ...ttt bbb 102
Chapter 7 Unsteady Flow Patterns at Part Load Conditions ............cccccoevevieiiieennnnn 103
7.1. Unsteady Disturbance in Impeller...........ccocooiiiiiiiiii e 103
7.1.1 Quialitative Analysis on the Fluid Status in Impeller.............cccocooeeiennnne 103
7.1.2 Pressure Analysis on the Fluid Status in Impeller...........ccoooiiinnenn 108

vii



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

7.1.3 Discussion Unsteady Disturbance at the Inlet of Impeller ........................ 117
7. 2 Unsteady Disturbance in Return Channel ..o 119
7.2.1 Contributions of Each Component to the Instability of Q-H Curve.......... 119
7.2.2 Frequency Analysis of Pressure on the Cross Section at 0.583 Qpes......... 121
7.2.3 Leakage between Adjusted Vane and Its Corresponding Stay Vane at 0.583
QDS v vveveetetestete et et ettt bbbt h et e a Rttt et et e R e e be et e e e be et et eneerenr e et s 122
7.3.1 Pressure Analysis in Diffuser at Part Load............cccccevvvieveeieiieneenee 123
7.3.2 Analysis of Velocity in Diffuser at Part Load ...........cccoooevenininnnieiennnn 125
7.3.3 Analysis on the Trend of Amplitude of Pressure at St=1...........cc.cceevennnne. 128
T4 CONCIUSIONS ...ttt 129
IV CONCIUSIONS ...ttt bbb 131
Chapter 8 Conclusions and PerspectiVes ...........ccvcveieeieiieiee i 131
8.1 CONCIUSIONS ...ttt bbb 131
8.2 PEISPECLIVES .....ecviiiticie ettt sttt e et st et e et enreenneenes 133
RETEIENCES ... s 135
ACKNOWIEAGEIMENTS.......eiiieiicee e 143
1T T0 [ To] 1) Y2 SRR PP 144



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

I Introduction

Chapter 1 Introduction

1.1 Pumped-Storage Hydroelectricity

Pumped storage hydroelectricity (PSH) as a type of Hydro power generation is
widely used by many power plants for load balancing. It is the only economic and
flexible means of storing grid scale amounts of excess energy, which allows power
plants dispatchers to successfully manage that balancing act( Yang , et al. 2001, He ,
et al.2006).

The advantage of PSH is that it can come online very quickly, making it a useful
tool to balance the varying electricity demand from consumers or unplanned outages
from other power plants. Fig. 1.1 shows the power distribution over a day of a PSH
facility, the compensation is achieved by storing energy during base-load phases
(green region) while making this energy available to the grid for peaking supply needs
and system regulation (red region).

1000

500

Output in Megawatt
[=]

500 —— Pump power
— Top power
1 | 1 | 1 | 1
0 6 12 18 24
Time of Day

Fig. 1.1 Power spectrum of pump-storage hydroelectricity

The principle behind the operation of PSH is shown in Fig. 1.2. When there is a
surplus of power in the network, the pumped storage power station switches to

pumping mode (see Fig. 1.2(a)): the power grid input power to the electric motor to
1
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drive a pump or pump turbine, which pumps water from a lower reservoir to a higher
storage basin. While the demand for electricity in the grid rises, the water is released
from the upper basin via a pressure pipeline (see Fig. 1.2(b)). The water causes the
turbine or pump turbine to move. The pump now operates in turbine mode and is used
in turn to drive the generators. Within seconds, electricity is generated and fed into the
electricity network.

Upper basin ,
Upper basin \ . ) Power grid ;
PI - Current '“l’“tﬁ' ° Current output 37 .
g = Power grid
b e
it

- ,(7"1-\‘
B 2]
% B4

Pressure pipe m Motor - generator Pressure pipe \ m Motor - generator

Pump turbine Pump turbine

Lower basin
e m—

Storage of electricity - pump operation

Generation of electricity - turbine operation

(@) Pump operation (b) Turbine operation
Fig. 1.2 Storage and generation of electricity by pumped storage hydroelectricity

The world’s oldest pump-storage scheme is the Lettern Station of the Zurich
electricity works, which dates from 1890. Today, the pumped storage, as one of the
most important energy storages, is the largest-capacity form of grid energy storage
available. Until March 2012, the Electric Power Research Institute of U.S. (EPRI)
reported that PSH accounts for more than 99% of bulk storage capacity worldwide,
representing around 127,000 MW(Mar 3rd 2012). The energy efficiency of PSH
varies in practice between 70% and 80%(Levine 2007, Yang 2012, Jacob 2013,
Economist Mar 3rd 2012) with some claiming up to 87%.

For the requirements of environmental sustainability, more and more countries
around the globe are ramping up their power generation from new renewable energy
sources such as wind and solar power, which start to become a larger piece of the
national energy mixture.

For wind and solar, although the generation of power is very huge, it is subject to
the strong natural fluctuations. They cannot always provide electricity in the required
amounts or at the desired time. Excess energy thus needs to be stored so that it can be
made available at any time. Therefore, managing the balance between new renewable
energy production and consumption has become an issue of growing importance in
order to guarantee the stability of electrical networks. With the current state of
technology, there is only one possibility for achieving this goal in an economically

2
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viable, large-scale way: with the help of pumped storage plants. This means that the
demand for pumped storage power plants will continue to grow worldwide.

1.2 Reversible Pump Turbine

For the pumped storage technology, it can be realized by a reversible
pump-turbine, or a turbine and pump combination. Reversible pump turbine can,
depending on reservoir size, deliver long term energy storage, and is able to boost
production (turbine) or consumption (pump) in peak power situations. As a typical
kind of pumped storage plants equipment, it is widely applied, which is regarded as
the most cost effective solution, even if there are also other technical arrangements
such as the combinations Francis turbine/pump or Pelton turbine/pump.

For the variable requirements of energy production and consumption, a wide
head range is desired for modern pump turbine operation. The reversible pump
turbine in pump mode could be seen as a centrifugal pump with vaned diffuser. In
order to get a wider stable head range, the performance curve instabilities or sudden
deviation from the expected smooth performance curves should be avoided. Figure
1.3 shows a typical performance curve of a centrifugal pump with vaned diffuser, the
commonly requirements for the range is that Hmax/Hmin>1.5. It is indicated that the
low head cavitations and high head instabilities curb the stable range of operation.
OP1 is working on the stable head range. With the reduction of flow rate, the head
becomes unstable at OP2, and a saddle shape with hysteresis appears in this region.
With the growing specific speed, the risk of a saddle-shaped instability increases. The
flow rate, where the Q-H-curve becomes instable, moves much closer to the design
point. Typically a type of instability occurs at Q/Qpes = 0.6 to 0.9. Therefore, this type
of instability is also sometimes called “full load instability”. These instabilities
seriously restrict the wider stable operating range of pump (Hergt and Starke 1985,
Gdich 2010).
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Fig. 1.3 The performance curve of a centrifugal pump with vaned diffuser

1.3 Instabilities in the Performance Curves at Partload Operation

A pump, which is working significantly below the best efficiency flow rate is
said to operate at part load. For low specific speeds this can be roughly assumed at
Q/Qpes<0.8 and Q/Qpes<0.9 for high specific speeds. The flow becomes highly
3-demensional separates in the impeller and diffuser since the blade inlet angles and
channel cross sections are too large for the reduced flow rate at part load. With the
development of unstable disturbance, some complex flow structures with
low-frequency high-energy would be generated; resulting instability on the
performance curves, and sometimes even makes high cycle fatigue failures (Guo and
Maruta 2005).

Some recirculations are observed at impeller inlet at sufficiently low flow, which
can lead to performance instabilities for centrifugal pump at flow rates smaller than
about 65 percent of the impeller inlet design flow rate (Murakami and Heya 1966, Sen
1978, Barrand, Caignaert et al. 1984).

The topic instabilities of the performance curve of pump turbine shall be
explained with the help of Fig. 1.4, which contains the head and efficiency curve of a
pump turbine (Sen 1978). For a centrifugal pump with nqg = 35min, there is not only
instability at small flow rate but also a distinct instability in the Q-H curve at more
than 80 percent of the design flow rate, together with a local reduction of efficiency.
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Fig. 1.4 The performance curve of pump turbine (Sen 1978)

The instability at small flow rate occurs very often in a centrifugal pump, which
is due to a flow separation and a backflow region in impeller channels near the front
disk. The effects of this instability on the performance characteristics are shown in a
centrifugal volute pump with a specific speed of 85 min™ in Fig. 1.5, which is shown
in the literature (Sen 1978). The flow rate at which the backflow region appears in the
impeller inlet section near front disk is about 65 percent of the design flow rate. With
the further flow rate reduction, the back flow region grows in the upstream direction
as well as inward from the pipe walls. It has a strong whirling motion, and its
blockage effect shifts the through flow to a small zone around the pipe/pump axis. It
is also called ‘part load whirl” (PLW) due to this flow pattern.

The PLW also influences the incipient cavitation quantified by net positive
suction head (NPSH;) as shown in Fig. 1.5. At the onset of PLW, there is a maximum
of NPSHi. The value of NPSH; appears a steep decrease with the further flow
reduction due to the abrupt change in the flow pattern. Accompanying the PLW, the
cavitation bubbles show up near the hub. Considerable research work has been
dedicated to the PLW (Murakami and Heya 1966, Sen 1978, Barrand, Caignaert et al.
1984).
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O 02 04 0§ 08 10 12
PLW  O/Qges

Fig. 1.5 The performance curve and incipient cavitation of a centrifugal volute pump
with the specific speed 85 min™ (Sen 1978)

The instability, which appears at greater flow rate than PLW, is called ‘full load
instability’ (FLI) due to the onset point near the design flow rate. There is much
evidence that the origin of this type of FLI of performance curves exists in a strong
and very complicated backflow from the centrifugal pump with vaned diffuser and
specific speed of greater than 30, thus this instability occurs very often in pump
turbine on pump mode. With the growing of the specific speed, the risk of this
instability increases, and the flow rate, where the Q-H curve becomes instable, moves
much closer to the deign point. This type of instability is called ‘Type S’ or ‘saddle
type’ due to the shape of the performance curve which looks like a saddle when the
instability appears. A saddle-type instability is sometimes connected with a hysteresis
(Fig. 1.6): with falling flow rate the sudden change of the head occurs at a lower flow
rate than upon opening of the throttle valve. Typically this type of instability occurs at
60 to 90 percent of design flow rate, it not only limit the operating range but also can
lead to a reduction of efficiency, high dynamic load, and cavitation up to the
destruction of the pump.
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—=—CAL Imp. Up

1.3 Lo g RoW0 G
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Fig. 1.6 The hysteresis effect in a centrifugal pump(lino, Tanaka et al. 2003)
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Thus, in order to get a safer and wider stable operating range of the pump turbine
on pump mode, it is a very significant work to study the FLW. The aim of this
investigation is to analyse the characteristics of the full load instabilities of the first
stage of a two stages pump-turbine operating in pump-mode, and investigate the
development of the unsteady phenomena.

1.4 The Flow Patterns in Impeller and Diffuser at Partload

For a centrifugal pump with a vaned diffuser at a low specific speed, the dents in
curve near full load are often attributed to the flow instabilities in the vaned diffuser.

1.4.1 Flow Separation in Diffuser

The examples of the flow observation in a diffuser can be found in the literature
(GUich 2010). Observations of tufts in the diffuser of a pump with specific speed of
22 via different flow rates are shown in Fig. 1.7.

Q/Qdes=0.00 Q/Qdes:O.SO

i

Fig. 1.7 Flow observations in a diffuser (GUich 2010)

While the flow is at Q/Ques= 1.5, an unsteady cavitation appears in the pressure
side of the diffuser vane near the leading edge. An initial separations appear at Q/Qpes
= 0.94 near the diffuser outlet. At Q/Qpes = 0.8, the stall spreads over the greatest part
of the vane suction surface. At Q/Qoes = 0.6, additional separations occur on the vane
pressure surface, and the recirculation in the direction of the impeller is visible on the
rear shroud just in front of the diffuser vane leading edge. The recirculation zone
grows with the reduction of flow rate. Depending on the approach flow and the choice
of the diffuser opening angle, the described phenomena occurs in different pumps at
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different Q/Qpoes, but qualitatively they are typical for the flow through radial diffusers.
In particular, the recirculation in all experiments occurred upstream of the diffuser
vane leading edges or just before the volute cutwater (never in the middle between
two vanes or near the vane suction surfaces). This recirculation from the diffuser into
the impeller occurs at the impeller outlet. Consequently, there is a strong interaction
between both components.

When these flow disturbances propagate in the circumferential direction, since
the structure of the pump (a rotor, diffuser or volute) limits, would cause strong rotor
and stator interaction and non-uniform flows. One of the main forms is stall (Sinha,
Pinarbasi et al. 2001).

Several types of stall have been found in turbo machinery, such as alternate blade
stall (A.B.S), rotating stall and so on. For ‘alternate blade flow instabilities’, they are
firstly found in the impeller with an even number of blades, such as alternate blade
cavitation in a inducer (Acosta 1958) and in a propeller turbine (Ishii 1962) or
alternate blade stall in a centrifugal impeller (Wei, Yunchao et al. 2010). For the low
specific speed centrifugal pumps with a vaned diffuser, the stall is also one of the
main instabilities in vaned diffuser, the alternate stall and rotating stall has been both
found in vane diffuser (Sano, Nakamura et al. 2000). By an experimental
investigation, Takeshhi SANO et al (Sano, Nakamura et al. 2002) found that for
narrow clearance with the strong rotor and stator interaction, the alternate blade stall
and backward rotating stall mainly occurred. With increasing of the clearance, the
forward rotating stall also occurred, and the onset of rotating stall shifted toward to
the higher flow rate corresponding to the pressure performance in the vaned diffuser.

1.4.2 Flow Patterns in Impeller

Due to the Rotor-Stator Interaction (RSI) between diffuser and impeller, the flow
patterns in impeller are also needed to be taken into account. With the variation of
flow rate in centrifugal impeller, flow separation and secondary flow tend to generate
loss mechanisms that are considerably more complicated than axial units. Normally,
the flow in a centrifugal pump separates from the suction surface near the leading
edge, and produces a substantial wake on the suction surfaces of each of the blades.
Fischer and Thoma ( Fischer and Thoma 1932) first identified this phenomenon, and
observed that the wake can occur even at design flow.



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser
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Fig. 1.8 The structure of ‘jet-wake’ in impeller

Normally, the wake extends all the way to the impeller discharge surface.
Consequently, the discharge flow consists of a low velocity zone or wake next to the
suction surface, and, necessarily, a flow of higher velocity in the rest of the blade
passage. This ‘jet-wake structure’ of the discharge is sketched in Fig.1.8. Sturge and
Cumpsty (Sturge and Cumpsty 1975) calculated the shape of the wake in a typical
two-dimensional radial cascade, and used numerical methods to solve a free
streamline problem. The velocity measurements, acquired with hot-wire anemometers
by McLaughlin and Choi (Choi, McLaughlin et al. 2003), highlighted the structure of
‘jet-wake’. It is characterized by a high velocity zone (jet) near the pressure side of
blade and a low velocity zone (wake) near the suction side of blade.

The work of Cavazzini (Cavazzini 2013) indicated several reasons for the
creation of the wake zone near suction side. Firstly, a secondary flow in the blade
passages carries the hub and shroud boundary layers to the blade suction side, which
creates a region of low velocity. Secondly, the fluid particles are carried from the
pressure side to the suction side in the same impeller passage along the hub and
shroud due to the pressure gradient. Besides these secondary flows, other factors also
affect the position and the entity for the wake zone, such as the flow rate, the rotation
velocity and impeller geometry et al.

At design flow rate, the wake or boundary layer on the suction surface may be
quite thin, but as the flow rate is decreased, the increased incidence leads to larger
wakes (D 1932, Johnston and Dean 1966). The appearance of ‘jet-wake’ structure
destabilizes the flow not only at impeller outlet but also in the upstream of diffuser.
When the jet passes from one passage to the adjacent, it affects the flow around the
trailing edge and goes upstream along the suction side. At the same time, the upstream
of the diffuser is also influenced by the non-uniform flow from the outlet of impeller.

Additional, with the further reducing of flow rate, in the centrifugal pump with
vaned diffuser, not only the instability in the vaned diffuser attributed the instability
9
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of performance curve, but also the unsteady disturbance which appears at inlet of the
impeller plays an increasingly important role (Hergt and Starke 1985). And the
rotating cavitation was found in a wide range of part load operating points which
incept at the leading edge of impeller suction side and it also easy to cause a ‘sudden’
head drop (Tsujimoto 2001, Friedrichs and Kosyna 2002, Iga, Nohml et al. 2004).

1.5 Overview of the Current Work
1.5.1 Situation of the Research

Reversible centrifugal unit is one of the most common and typical forms with
60m to 700m head of pumped storage hydroelectricity. For the requirement of the
head of higher than 700m, the multistage pump turbine are needed in order to ensure
good hydraulic efficiency and minimize stress and vibrations caused by the turbine
components. In contrast with single stage centrifugal turbine pump, the internal flow
of high head instabilities has more complicated features in multistage centrifugal
pump turbine.

This research is conducted on a low-pressure stage of a two stages pump-turbine
on pump mode, which could be seen as a centrifugal pump with multistage diffuser.
Compared with other vaned centrifugal pumps, this pump model has a return system
with continuous stay vanes which could guide the water to the next stage and make
strong and complex rotor and stator interaction. Meanwhile, the mechanism of the
flow structures in full load instabilities is very complicated.

Among all the phenomena, the unsteady flow-dynamics in full load instabilities
is still an open question, and challenge fluid mechanical committee. During the past
several decades, some experiments and numerical simulations have been carried out
to study the effects of impeller/diffuser geometries and operating conditions on the
unsteady interactions, for instance, Gonzalez et al. (Gonzdez, Fern&ndez et al. 2002),
Hong and Kang (Hong and Kang 2004), Guo and Maruta (Guo and Maruta 2005),
Majidi (Majidi 2005), Rodriguez et al.(Rodriguez, Egusquiza et al. 2007), Pavesi et
al.(Pavesi, Cavazzini et al. 2008), Cavazzini et al.(Cavazzini, Pavesi et al. 2009), and
Feng et al.(Feng, Benra et al. 2011).

The analysis on the unsteady pressure signal is an effective method to understand
the characteristics and origin of the interactions. Several techniques (auto and cross
spectra, coherence function, wavelets, etc.) have been frequently used to analyze in
the frequency and time-frequency domain and to identify the flow structures and the
propagation of the unsteadiness (Akin and Rockwell 1994, Ferrara, Ferrari et al. 2004,
Horodko 2006, Horodko 2007).

Besides, several flow visualization technologies were also used to evidence and
10



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

describe the flow instabilities qualitatively in centrifugal pump such as Particle Image
Velocimetry (P1V) , Laser Doppler Velocimetry (LDV) and High-Speed Visualization
and so on (Wuibaut, Bois et al. 2002, Pedersen, Larsen et al. 2003, Feng, Benra et al.
2009).

Even though previous studies advanced the understanding on the unsteady
phenomena in pumps, because of the scarce knowledge of the full-load instabilities
and its effect in this kind of pump, a further investigation of the characteristics and
flow mechanisms of full load instabilities is valuable for the safer and wider stable
operating range of multistage pump turbine on pump mode.

1.5.2 Problems and Objective

In a previous study, the performance curve of the model pump has been acquired,
evaluated in accordance with ISO standards, which shows a slightly saddle-type
instabilities behaviour between Q/Qpes ~0.45 to 0.70 (Fig.1.9). Below Q/Qpes =0.40
the characteristic is raised due to the effect of fully developed inlet recirculation
(Yang, Pavesi et al. 2013).
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Fig. 1.9 Experimental pump characteristics and saddle-type instabilities region

The mean pressure variation at the impeller outlet was shown versus the flow
rate in Fig.1.10. The diagram shows a slight but steady increase in the pressure
fluctuation of the flow rate not far from the design flow rate and a sharp increase of
the pressure variation when the flow rate decreases to below the critical value Q/Qpes
~0.7, which is the same flow rate value when the head characteristic was observed
unstable. During the saddle instability region, there is a sharp decline in the mean
pressure at impeller outlet near the Q/Qpes = 0.6.
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Fig. 1.10 Mean pressure variation at the exit of the impeller versus the flow

The aim of this investigation was to analyze the characteristics of the full load
instabilities of a low-pressure stage of a two stages pump-turbine operating in
pump-mode, study the development of the unsteady phenomena in this flow rate
interval, and find the reasons of the drop of the mean pressure at the exit of the
impeller in saddle instability region.

1.5.3 Document Organization

The thesis has been structured into four parts, as follows:

Part | offered an introduction about the background of the research topic in this
thesis. It includes the brief introduction of pumped-storage technology and the role
pump turbine plays in this technology. In addition, the factors limited the stable
operating region of a pump turbine in pump mode was introduced to make readers
familiar with the reversible pump turbine technical challenges along with the
objective of the current study.

Part Il concerned the experimental investigation, including the investigation
methodology and the measurements results. The Open Turbine Facility used for the
experimental investigation was detailed. It contains the pump model, global
performance measurement, pressure instrumentation in diffuser and High-Speed
Visualization techniques. The pressure variations in diffuser vanes both in time and
frequency domains were analysed. The flow field in the instability region from 0.45 to
0.70 Qoes Was investigated as well.

Part 11l presented the discussion about the investigation metrology about the
numerical simulation both in flow field and in the intensity of dipole sources.
Furthermore, the numerical simulation results were analyzed. The types and
development of unsteady disturbance inner pump were captured combined with the
experimental results. The reasons of the slop of head and mean pressure at exit of
impeller were found in the saddle instability region which closer to the design point.

Part IV drew the conclusions and suggested future investigation directions.

12
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Il Experimental Investigation

Chapter 2 Investigation Methodology of Experiment

2.1 Overview of the Open Turbomachinery Facility

The model pump turbine investigated in the present work is installed at the
Waterpower laboratory in the Department of Industrial Engineering, University of
Padua in Italy. Experimental measurements were carried out using the open loop
water circuit configuration. Water from the basement was pumped to the overhead
tank and flowed down to the pump inlet pipeline. A uniform level of the water head
was maintained in the overhead tank at all operating. The outlet tube was connected to
the downstream large basement, which was open to the air, and the water was released
back to the overhead tank.

The experimental measurements, calibrations, and computations were performed
using the procedure and guidelines given in IEC 60041, IEC 60193(Commission 1991,
Commission 1999). The average pressure was measured through four circular taps
located at the turbine outlet and the draft tube inlet. A calibrated nozzle flow meter
was used to measure the flow rate. Data from the instruments were recorded using a
computer with a LabView program developed in the laboratory.

Fig.2.1 Experimental validation facility in open loop serial pump configuration
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2.1.1 Reversible Pump-Turbine Scale Model

The analyzed pump-turbine is a low-pressure stage of a two stages pump-turbine
in the pump operating mode. The model, which consists of an impeller and refeeding
channels, is shown in Fig. 2.2. Geometry and performance characteristics of the tested
pump-turbine are listed in Table 2.1.

(b) 3-D schematic

Fig. 2.2 Experimental validation facilities in open loop serial pump configuration
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Table 2.1 Geometry and performance parameters of the tested pump-turbine.

Impeller data

D> (mm) B> (mm) Np2 ﬁZC(c) ¢Des

400 40 7 26.5 0.125
Diffuser vanes data

D3 (mm) Bs (mm) Nb3 azc (9 A (9

410 40 22 18 8
Return channel vanes data

D4 (mm) B4 (mm) Nba e (9

516 40 11 30

The impeller is a radial, shrouded impeller with seven 3D backward swept blades
with a discharge angle of 26.5referred to the tangent and a design specific speed np =
37.6 m0.75s1° (dimensionless design specific speed s = 0.71). The impeller rotating
frequency is fir=10Hz and the blade pass frequency is fgpr=70Hz.

The Refeeding channels were used to guide the flow that leaves from impeller to
the inlet of the subsequent. The channels are made up of twenty two adjustable
guide-diffuser vanes and eleven continuous vanes. The guide-diffuser allows
continuous and independent adjustment of the vane angle and the relative azimuthally
position with the return channel vanes. The radial gap in the configuration under test
between the impeller tip and the inlet edge of the stator vanes is 10.5 mm, which is

5.25% of the impeller radius.

2.2 Digital Data Acquisition

The facility contains the following instrumentation:

Global performance measurements

Dynamic pressure measurement

High-speed flow visualization

The measurement data acquisition is conducted using LabView software and the
data acquisition devices for global performance measurements and dynamic pressure
measurement are mounted on the National
PX1-1042 (see Fig. 2.3) with the parameters listed in Table 2.2.

15
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Fig. 2.3 National Instruments workstation NI PX1-1042

Table 2.2 Main parameters of the workstation NI PXI-1042

Processor 1266 MHz
Hard-disk 20 G bit
RAM +10V
Operating system Windows 7 professional
Software for data elaboration National Instruments Labview 2012

2.2.1 Global Performance Measurements

The global performance characteristics are obtained using three measurements as
below.

(1) Static Pressure measurement at the pump inlet and outlet

A relative transducer model WIKA (Fig 2.4(a)), type 891.12.500 is placed at the
inlet of the pump with a working range of -1~+1bar, and an absolute transducer model
PHILIPS (Fig.2.4 (b)), type 9404 215 60161 is installed at the outlet of the pump with
the working range of 0~2.5bar.

These transducers are connected to the main pipe through little rubber pipes.
Some junctions, which are shown in Fig. 2.5, were made in order to acquire the
pressure signal in four different points placed around the pipe at circumferential
distances of 90r. In order to eliminate possible air bubbles, T-shaped branches with

16




Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

taps are inserted.

(@) Relative transducer (b) Absolute transducer

Fig.2.4 Pressure transducer

Fig.2.5 Connection between a pipe and transducers
(2) Nozzle flow measurement

Nozzle flow meter, as shown in Fig. 2.6 (a), is one of flow metering devices
based on the Bernoulli Equation: the downstream pressure after an obstruction will be
lower than the upstream pressure.

A Honeywell wet/wet differential transducer model FDW, which connected
upstream and downstream of the nozzle, was used to measure the A p, and its order
code is FDW1 MD 2G 5B 6A (Fig. 2.6 (b)), with the accuracy of 0.1 %, measurement
range of 0.5 bar, output of 0 ~10 VDC, pressure ports of ¥2-18 NPT male, Bendix
connector PTIH-10-6P.
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Fig.2.6 Nozzle flow meter

The calculations for nozzles carrying a liquid as described in Eq. (2-1) according
to ASME PTC 19.5-2004 (PTC19 2004)..

CAhroat V ZpA p
Qu=""F—— (2-1)
N2

where

¢ D=the maximum diameter of the nozzle

e d=the minimum diameter of the nozzle
d
’=5

T
° Ahroat = Z d ?

* p=the water density in the upstream of the nozzle

C=the efflux coefficient of the nozzle

ISA 1932 nozzle issued in this test rig, and ISA 1932 Nozzle Discharge
Coefficient Equation is listed as below:

1.15
C =0.9900-0.2262(p)*1 —[0.00175(ﬂ)2 —0.0033(,6’)4'15}[106 / ReD} (2-2)
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The Reynolds number Rep is used for calculating the efflux coefficient which
depends on its turn of the mass flow rate:

Re = m 2'3
D ( )

where p; is the dynamic viscosity and the value is 1.134-10%Pa. In order to solve the
flow rate, an iterative calculation is necessary. For the first attempt, the initial value of
the flow rate is estimated and is inserted in Eq. (2-3) to obtain Re. With the value of Rep
and pressure differences measured by the Honeywell wet/wet differential transducer, the
new value for the mass flow rate could be calculated using the Eq. (2-4):

6 J24
g, =[0.9900-2.2262- B** —(0.00175- /34-15)(%)1-15]-%2 NEAPA (2-4)

€o 4 f-p

where p, is the density of water under 20 degrees Celsius and the value is
998.43kg/m?®. In iterative process, the value is accepted if the difference with previous
iteration is smaller than 0.1, otherwise the process is re-started until it is converged.
LabView 2012 realized this computing process.

As for the power supply, a feeder of 28 VV DC is used for feeding the pressure
transducers in the static pressure measurement at the pump intake and delivery, and
another one of 12 V DC is used for feeding the differential transducer in nozzle flow
measurement.

The calibration of the pressure transducers and the uncertainty analysis of this

flow rate measurement were introduced in detail in Giovanna Cavazzini’s work
(Cavazzini 2013).

(3) Shaft torque measurement

The shaft torque was measured using Kistler Model 4503A Torque Sensor. The
torque sensor with built-in speed sensor, which is shown in Fig. 2.7, operates on the
strain gage principle. It is suitable for use at rotational speeds of up to 7000 rev/min,
and the maximum measured value is 200 N m.
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Fig. 2.7 Torque sensor

The data acquisition device National Instruments, model 6070E, of which the
main characteristics were shown in Table 2.3, acquired the static pressure signals and
the signal from torque sensor for the global performance measurements.

Table 2.3 Main parameters of the NI data acquisition device 6070E

Resolution 12 bits
Maximum sampling rate 1.25 MS/s
Input range H).5t0 £10V
Output range 10V

2.2.2 Dynamic Pressure Measurement

The dynamic pressure was measured with 12 pressure sensors “Kulite
Semiconductor” (see Fig. 2.8), model XCL-072 transducers, with a declared
sensitivity of about 29.3 mV/Bar, and a working field of 0~3.5Bar. The combined
non-linearity, hysteresis, and repeatability of the sensors were better than #0.1%. The
sensors were placed aligning with the wall at the mid-height of one diffuser guide
vane (as shown in Fig. 2.9) and the sensitivity of the sensors were listed in Table 2.4.

Fig.2.8 Pressure sensor Kulite semiconductor
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Impeller
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Fig.2.9 The distribution of pressure sensors

Table 2.4 The sensitivity of XCL-072transducers

Point number Sensor number Sensitivity
Point 1 110 28.586 mV / bar
Point 2 7677-4-299 58.276 mV [ bar
Point 3 117 28.491 mV / bar
Point 4 99 28.617 mV / bar
Point 5 116 28.420 mV / bar
Point 6 7677-4-297 50.088 mV /bar
Point 7 118 28.509 mV / bar
Point 8 46 26.150 mV /bar
Point 9 192 2857.639 mV / bar
Point 10 7677-4-307 58.276 mV [ bar
Point 11 113 28.374 mV / bar
Point 12 44 26.194 mV / bar
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The transducers were fed with a stabilized power supply of the Thurlby Thandar
Instruments QL355T (see Fig. 2.10). XCL-072 transducers were fed with two
different volt values, the sensors without amplifier were 10V DC, and 28V DC was
for the sensors with amplifier.

Fig.2.10 “Thurlby Thandar Instruments” QL355T

For the dynamic pressure measurement, the data from the Kulite sensors were
acquired by the data acquisition device National Instruments, model 4472 (see Table
2.5)

Table 2.5 Main parameters of the NI data acquisition device4472

Resolution 24 Dits
Maximum sampling rate 1104.4 KS/s
Input range +10V

For these two measurements, the connection to the data acquisition device was
made through a configurable connector “national instruments”, model CA-1000 (Fig.
2.11). In these connector the resistances of 1000 Q and 5000 Q were connected for
converting the mV of the output of the sensors into a more convenient Volt scale
according to the characteristics of the data acquisition device.
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Fig. 2.11 The configurable connector CA-1000

2.2.3 Flow Visualization Techniques

To analyze and describe the movement of flow passage between vanes in
diffuser and return channel qualitatively, high-speed flow visualizations were
performed. Photron FASTCAM PCI digital camera (Fig. 2.12) was used, and the
video camera recorded images at full resolution (512>612 pixels). Fps is the
maximum frames-per-second at the maximum resolution; the results of high speed
camera are with a frame rate 5000 fps and a shutter 1/5000.

Fig. 2.12 Photron FASTCAM PCI digital camera

A needle valve was employed to control the amount of injected air throughout a
hole of 0.5 mm diameter located in the mid span of the diffuser and return channel
vanes. The distribution of holes in vane and return channel was shown in Fig. 2.13.
The injection pressure was maintained at a value which is slightly above the mean
pressure at the injection location. For this purpose, two tungsten halogen bulbs with
1000W were equipped to provide the light of the scene.
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Fig.2.13 The distribution of holes in vane and return channel

2.3 Signal Analysis

Signal analysis is more and more widely used as an important research tool to
extract information from signals, which is related to the real-world phenomena. As the
Fig.2.14 shown, for this analysis, a time-domain graph shows how a signal changes
over time, whereas a frequency-domain graph shows how much of the signal lies
within each given frequency band over a range of frequencies. A frequency-domain
representation can also include information on the phase shift that must be applied to
each sinusoid in order to be able to recombine the frequency components to recover
the original time signal.

In this study, the analysis of dynamic pressure signals is used to get more details

on the unsteadiness including deterministic and non-deterministic phenomena in
pump turbine.

Amplitude

Time
Domain

Frequency
Domain

Fig. 2.14 Signal in time and frequency domain

24



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

2.3.1 Analog-to-digital Conversion

The signal acquired from transducers is a series of analog signal. Digital signal
processing (DSP) is used to processing the signal form transducers in this study. DSP
is one subfield of signal processing, and the goal of DSP is usually to measure, filter
and/or compress continuous real-world analog signals.

The first step of DSP is usually to convert the signal from an analog to a digital
form, this processing named analog-to-digital conversion (ADC).

An analog or analogue signal, as shown in Fig. 2.15(a), is any continuous signal
for which the time varying feature (variable) of the signal is a representation of some
other time varying quantity, i.e., analogous to another time varying signal.

A digital signal, as shown in Fig. 2.15(b), is a physical signal that is a
representation of a sequence of discrete values (a quantified discrete-time signal), for
example of an arbitrary bit stream, or of a digitized (sampled and analog-to-digital
converted) analog signal.

Unlike a continuous-time signal, analog signal is discrete-time signal and not a
function of a continuous argument. Therefore, ADC was adopted to make this signal
to be converted to digital (discrete-valued discrete-time) signals which could be
processed numerically in the data processing. This process mainly consists of two
steps: sampling and quantizing.
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(a) Analog signal (b) Digital signal

Fig. 2.15 The analog and digital signal

Sampling is the reduction of a continuous signal to a discrete signal, and it can be
done for functions varying in space, time, or any other dimension, and similar results
are obtained in two or more dimensions. The analog signal has been obtained by
sampling from a continuous-time signal, and then each value in the sequence is called
a sample.
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For sampling, x(t) was defined to describe a continuous function (or "signal™) to
be sampled, and sampling would be performed by measuring the value of the
continuous function every T seconds, which is called the sampling interval(Weik
1998). Then the sampled function is given by the sequence x(nT), n is an integer
value.

The sampling frequency or sampling rate, fs, is defined as the number of samples
obtained in one second (samples per second), thus fs = 1/T.

Reconstructing x(t) from samples is done by interpolation algorithms as shown in
Fig. 2.16. The continuous-time signal x(t) is represented with a green coloured line
while the discrete sampled ware indicated by the blue vertical line.

X(t) o
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T v 910111213
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Fig 2.16 Reconstruction of the continuous-time signal

The appropriate selection of sampling rate is crucial for the sampling of signal.
Take a sinusoid signal as an example; a set of samples with sampling interval equal to
1s was acquired. In the Fig. 2.17, the red line is the sampled signal. Based on the
sample data (sampling frequency fs=1), two different sinusoids that could have been
produced. Nine cycles of the red sinusoid and one cycle of the blue sinusoid span an
interval of 10 samples. The corresponding number of cycles per sample are fres=0.9Hz
and foie=0.1Hz. The resulting number of cycles per sample is f/fs which is known as
normalized frequency, and the samples are indistinguishable from those of another
sinusoid (called an alias) whose normalized frequency differs from f/fs by any integer
(Mitchell and Netravali 1988). The frequency appears alias named faias, and all the
aliases of frequency could be expressed as

(N)=[f N 2-5)

falias

where N is an integer, and f,,(0)=f , and N has units of cycles per sample.

Therefore, the N = 1 alias of freq IS foiue, and vice versa.
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Fig 2.17An example of incorrect sampling frequency

The Nyquist-Shannon sampling theorem states that a signal can be exactly
reconstructed from its samples if fs/2>f. Any frequency component above fs/2 is
indistinguishable from a lower-frequency component. In addition, for the
band-limited signal, if the Nyquist criterion is not satisfied, adjacent copies overlap as
Fig 2.18 shown. The blue one is the original transforms, and the green images are the
adjacent copies.

A X(f)

4
~+
\V

, -B -f+B f-B E

AX(T)

Fig 2.18The overlap of the adjacent copies

The bandwidth of the physical signals is not always completely known, it is wise
to choose a sampling frequency much greater than the supposed maximum frequency.
In this work, the concern is on the unsteady flow patterns at part load, which is
supposed to have the frequencies near the blade pass frequency (BPF, 70Hz). Since
the sampling rate of the pressure signal need to be chosen greater than 2BPF, 1024Hz
was adopted in this experiment.

Then the signals usually proceed by replacing each original sample value by an
approximation, which is selected from a given discrete set, i.e., this process is known
as quantization. In this process, an analog-to-digital converter (ADC) is applied,
which turns the analog signal into a stream of numbers.
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As shown in Fig 2.19 (a), the blue line is the original signal and the red line is the
quantized signal. The process loses some information, and the discrete-valued signals
are only an approximation of the converted continuous-valued discrete-time signal,
which approximates the original continuous-valued continuous-time signal. Therefore,
there is a quantization error between the analog input voltage to the ADC and the
output-digitized value. The blue line in Fig 2.19 (b) is the quantization error, which is
"added" to the quantized signal. This is the source of noise.

Original and Quantized Signal

D 0.5 1 1.5 2
(a)
Quantization Error

0.5 T

W AANNINM AL
'D.S 1 1 1

0.5 1 1.5 2

(b)

Fig 2.19 Analog, digitized signal and quantization error

2.3.2 Processing in Time Domain

In DSP, the digital signals were usually to be studied in one of the following
domains: time domain (one-dimensional signals), spatial domain (multidimensional
signals), frequency domain, and wavelet domains. The suitable domain was chosen to
best represent the essential characteristics of the signal.

In this study, a sequence of samples from transducers measurement produces a
time domain representation. It was processed in the time domain by filtering which
could be enhancement of the input signal. A lowpass filter with infinite impulse
response (1IR) was used to filter the pressure signal form XCL-072transducers. Fig
2.20 shows the effect of signal filtering.
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Fig 2.20 Effect of signal filtering

2.3.3 Processing in Frequency Domain

2.3.3.1 Frequency Analysis

In this work, the frequency domain analysis was carried out to identify and
characterize the unsteady phenomena in the pump turbine. The pressure signal
acquired from transducers can be converted from the time domain to frequency
domain with a pair of mathematical operators called a transformation. In the pressure
analysis, the phase information is also needed, and the method how the phase varies
with frequency can be a significant consideration for the study of the unsteady pattern.
The Fourier transformation was used to convert the signal information to a magnitude
and phase component of each frequency in this study.

The discrete Fourier transform (DFT) is one kind of Fourier transform, which is
used to converts a finite list of equally spaced samples into a list of coefficients of a
finite combination of complex sinusoids ordered by their frequencies, that has those
same sample values.

The definition of DFT is introduced as bellow. It is assumed that the signal

{x[n]},... ) to be analyzed is a sequence of N real or complex values which are a

function of the integer variable n. The ‘spectrum’ of frequency components is the
frequency domain representation of the signal. A spectrum analyzer is the tool
commonly used to visualize real-world signals in the frequency domain. The DFT of
x[n], which is also called as the spectrum of x[n], is a length N sequence of complex

numbers denoted X(k) and defined by:
N1 2
f((k)zZe Nox[n] k=0,Z%;s, N-— (2-6)
n=0
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where e is the base number of natural logarithm, i is the unit of imaginary number.
Normally, the sign F is used to express this transform as bellow:

%= Fx (2-7)

The fast Fourier transform (FFT) is a method for computing the discrete Fourier
transform of a sampled signal. In practice, nearly all software and electronic devices,
which generate frequency spectra, apply a fast Fourier transform (FFT).

However, the transformation gives only a representation of the process but not a
statistical description, which consider the randomness of the process. The signal from
experiment test was inevitably corrupted by some random noise such as a
measurement error, digitization error, and thermal noise, etc. Therefore, it is necessary
to resort to a random signal processing theory.

For this purpose, spectral density estimation (SDE) is used to estimate the
spectral density (also known as the power spectral density, PSD) of a random signal
from a sequence of time samples of the pressure signal in this experiment. Intuitively
speaking, the spectral density characterizes the frequency content of the signal.

The power spectrum of a time-series x(t) describes how the variance of the data
X(t) is distributed over the frequency components into which x(t) may be decomposed.
This distribution of the variance may be described either by a measurement value, or
by a statistical cumulative distribution function, which is equal to the power
contributed by frequencies from O up to f.

For the signal processing in this study, the statistical cumulative distribution
functions adopted to describe the distribution of the variance of signal. The
auto-correlation function is defined as the following equation for the analysis.

r(z) = E[x(t+7)x"(1)] (2-8)

where X (t) isthe complex conjugate of X(t),and 7 is time-lag.

One may already guess that for a stationary random process, the power spectral
density and the autocorrelation function of this signal should be a Fourier transform
pair. If the mean value is not zero, the Fourier transform does not exist. Fortunately,
the Wiener—Khinchine theorem makes sense of this formula for any wide-sense
stationary process. The power spectrum density Gxx (f) could be written as bellow:
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G, (F) = limECH X (1)) (29

where X(f) is the fast Fourier transform of the segment of the signal x.

Techniques for spectrum estimation can generally be divided into parametric and
non-parametric methods. The parametric approaches assume that the underlying
stationary stochastic process has a certain structure, which can be described using a
small number of parameters (for example, using an auto-regressive or moving average
model). In these approaches, the task is to estimate the parameters of the model that
describes the stochastic process. By contrast, non-parametric approaches explicitly
estimate the covariance or the spectrum of the process without assuming that the
process has any particular structure.

There are many different spectral density estimation techniques. The
periodogram is one of the most common techniques for the engineering applications.
In practice, the periodogram is often computed from a finite-length digital sequence
using the fast Fourier transform (FFT). The raw periodogram is not a good spectral
estimate because of spectral bias and the fact that the variance at a given frequency
does not decrease as the number of samples used in the computation increases.

The spectral bias problem arises from a sharp truncation of the sequence, and can
be reduced by first multiplying the finite sequence by a window function, which
truncates the sequence gradually rather than abruptly.

The variance problem can be reduced by smoothing the periodogram. Various
techniques to reduce spectral bias and variance are adopted. One technique is
Bartlett's method also known as the method of averaged periodograms(Engelberg
2008). It provides a way to reduce the variance of the periodogram in exchange for a
reduction of resolution, compared to standard periodograms(Bartlett 1948, Bartlett
1950). The idea is to divide the set of N samples into L sets of M samples, compute
the discrete Fourier transform (DFT) of each set, square it to get the power spectral
density and compute the average of all of them. This leads to a reduction in the

standard deviation as1/+/L.

Welch's method is a windowed version of Bartlett's method, which uses
overlapping segments. For Welch's method, the original data segment is split up into
N data segments of length M, overlapping by D points. If D = M / 2, the overlap is
said to be 50%, while the overlap is said to be 0% when D = 0.

The overlapping segments are then windowed: After the data are split up into
overlapping segments, the individual N data segments have a window applied to them
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(in the time domain). The windowing of the segments is what makes the Welch
method a "modified" periodogram.

In this study, the Welch's method is used to estimate the power spectra of the
pressure signal. It is computed by partitioning each time signal into 28 segments of 213
samples with overlapping percent 50%, filtered with a Hanning window for avoiding
aliasing and leakage errors. The frequency resolution is 0.125Hz. The auto-spectra
and the cross-spectra are computed by the following equation(Farge 1992):

LS IX (1%, (F)] (2-10)

N
G, (f)=
w () W, 2

where N is the number of segments, W is weighting constant corresponding to the
Hanning windows, X, (f) is the fast Fourier transform of the k" data segment of the
signal expand X, (f) is the complex conjugate of X, (f).

2.3.3.2 Time-frequency analysis

A time-frequency analysis is carried out by the wavelet transforms to provide
information on the variation of pressure spectral frequencies components versus time.
The continuous wavelet transform W(s, n) of the discrete sampled pressure signal xnis
computed via the FFT-based fast convolution:

W(s,n) = tz:xk [ %WS (s, )eiwk n5tJ 2-11)

where s is the wavelet scale, n is the localized time index, k is frequency index, X is
the discrete Fourier transform (DFT) of x,, N is the data series length, and &t is the

sample time interval. /2ms /&t is a normalization factor which could obtain unit

energy at each scale. Yg;(swy) is the complex conjugate of the Fourier transform of
the scaled version of the “mother wavelet” (t) and w, is the angular frequency.
The choice of the mother wavelet depends on several factors (Torrence and Compo
1998) and in this paper complex Morlet wavelets were used with 2rf, = 6, since it
could provide a good balance between time and frequency localization and it returned
information about both amplitude and phase.

In order to determine the relation between two pressure signals in the time—
frequency domains, the cross-wavelet spectrum is determined as the following
equation.

WY (s,n) =W*(s,n)W?> (s,n) (2-12)
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2.3.3.3 Bispectrum analysis

The signal from experiment and simulation are analyzed in both the frequency
domain and the time-frequency domains to identify and characterize the unsteady
phenomena. Furthermore, every unsteady flow structure produces disturbances
throughout a singular interval, so it is expected that the complete collection of
unsteady features inside a turbo machine is a complex, highly interacted energy
spectrum includes several force and unforced unsteadiness. This study is mainly
focused on the so called “unforced unsteadiness” of the flow in a radial flow
pump(Fernadez Oro, Blanco Marigorta et al. 2009, Pavesi, Dazin et al. 2011), i.e. on
the unsteady phenomena not connected with the blade passage frequency. The
development of these instabilities insides turbomachines negatively affects their
performance in terms of efficiency, vibrations, stability and noise emission.

In order to identify the frequency of the unforced unsteady features and the
interacted parts in spectrum of the frequency domain, a bispectrum analysis is carried
out in this paper.

Bispectral analysis is an advanced signal processing technique, which quantifies
quadratic nonlinearities and deviations from normality. The bispectrum B(f1, f2)is a

function of two frequency variable f1 and f2, and it is computed as the following
equation(Sigl and Chamoun 1994).

BOLL EFD X (X (F) X (213
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Chapter 3 Analysis of Experimental Results

3.1 Analysis of the Pressure Signals

In order to enhance the experimental repeatability, four series of tests were
repeated to study the pressure characteristics in the saddle-instability region. The
pressure analysis of two series of tests is outlined in this section. During the
saddle-instability region, the Q-H curves of these four campaigns are drawn in Fig.3.1.
It is found that there is a head hump near the critical flow rate 0.6 Qpes Which appears
a drop of mean pressure variation at outlet of impeller. In this section, the dynamic
characteristics of the pressure during this region are analyzed.

Head 5/ H p,.
1.2% 4

1.28 4

1.27 -

0.40 0.45 0.50 0.55 0.60 0.65 0.70
Flowrate /@ ;..

Fig. 3.1 Q-H curves by several test campaigns

Fig. 3.2 shows the detailed view of an arbitrary time sequence of pressure
measurements on the mid span diffuser vane (as shown in Fig. 2.9) from full load to
the part load. The signals in time domain are too complex to identify enough
information on the unsteady flow patterns. Only at some flow rates during the flow
rate interval of saddle-instability, the pressure pulsation corresponding to the impeller
rotating frequency could be identified in this domain.
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Fig.3.2 Pressure variation in the diffuser (transducer #6) versus the flow

Therefore, it is quite necessary to conduct the frequency analysis of the pressure
signals, and the auto spectrums of one series tests of pressure via flow is shown in
Fig.3.3. The spectra is mainly dominated by the blade passage frequency (BPF, St=1),
the impeller frequency (Stipr =0.143), and two other frequency peaks. The main one at
St =0.6625 is observed in the flow interval Q/Qpes= 0.369 to 1.183, the second one at
St =0.335 is observed in the flow interval Q/Qpes= 0.586 to 0.751.

(a) Transducer # 5
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(b) Transducer # 6

(c) Transducer # 11
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(d) Transducer # 12

Fig. 3.3 Power spectrum of pressure measured by the pressure transducers #5, 6, 11
and 12 in the diffuser vane

It could be found that the spectrum amplitude of pressure at St=0.143 and
St=0.6625 both appear a decrease near 0.6Qpes. This appearance is in agreement with
the mean pressure variation at the exit of the impeller in the saddle-type instability
region.

Moreover, in comparison to Fig.3.2, in the flow interval from 0.45 to 0.6Qpes, an
obvious effect of impeller rotating frequency is both found in time and frequency
domain: the periodic fluctuation of impeller rotating frequency could be identified in
time sequence of pressure measurements in these flow rates, and the frequency
amplitude increased most greatly.

As demonstrated by Akin and Rockwell (Akin and Rockwell 1994) the unsteady
perturbations of the fluid in pump, generate non-linear interaction components in the
power spectra. Therefore, how to identify the non-linear frequency components is
essential to understand the unsteady perturbations inner pump.

In this study, the analysis of power spectrum of pressure reveals that near the
BPF there are some unforced and forced unsteadiness. It includes deterministic forced
unsteadiness related to impeller speed rotation and non-deterministic unforced
unsteadiness, which is non-related to impeller speed rotation. There are two obviously
frequency peaks at St=0.6625 and St=0.335, which are not the harmonic of BPF or the
impeller rotating frequency. But it is not able to distinguish which one is the
non-linear frequency component in the power spectrum. For this reason, the
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bispectrum analysis was carried out the pressure measurements to identify the
non-linear frequency components. Furthermore, in order to study the characteristics of
the fluctuating pressures in time-frequency domain, the wavelet analysis was also
performed.

3.1.1 First Series of Tests

3.1.1.1 Bispectrum of Pressure Signals

The power spectrums of first test campaign are shown in Fig. 3.3. Fig. 3.4
reveals the bispectrum of pressure signal form transducer #6 via indirect method.
Table 3. 1 summarized the identified non-linear component frequencies by the topical
transducers #3, 5 and 6 in diffuser vane at tested flow rates. It is indicated that the St=
0.6625 represents the pressure fluctuation of an unforced unsteadiness at both full and
part load. The St= 0.335 as a fundamental frequency which only appears when the
flow rate is nearly below critical value of saddle instability region Q/Qpes= 0.7, and
disappears when the flow rate is smaller than 0.5 Qpes. The amplitude at St=0.335 in
the other flow rates is a nonlinear interaction between the components BPF and
St=0.6625.

The high order analysis highlights that in the saddle-instability zone, at the
beginning of the unstable phenomenon, two kinds of unsteadiness (St=0.6625,
St=0.335) exist and interact with each other. With the decreasing of flow rate, one
unsteady structure (St= 0.335) disappeared.

Except these frequencies, also weak peaks were found in the power spectrum at
some other frequencies, such as St=0.335, 0.371, 0.518 and 0. 806.

The pressure peaks at these are caused by the interaction between impeller
rotating frequency (Str), blade pass frequency (Stepe) and pressure pulsation’s
frequency (St1=0.6625 or St»=0.335). Table 3.2 reports some identified non-linear
interaction components at full load condition.

In addition, a fundamental frequency around St= 0.005 was found at some flow
rate. It may be associated with system fluctuations or a fundamental frequency of an
unsteady structure. The reasons of this phenomenon will be analyzed in next section
combining with the results of simulation.

38



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

Bispectrum estimated via the indirect method Bispectrum estimated via the indirect method

st

2
115
11
05
0

0 010203040506070809 1 111213141516171819 2
St

() 0.369 Qpes (b) 0.403 Qoes

Bispectrum estimated via the indirect method x10 4 Bispectrum estimated via the indirect method
1

st

0

0
0 010203040506070809 1 111213141516171819 2 0 010203040506070809 1 111213141516171819 2
St St

() 0.476 Qpes (d) 0.520 Qpes

Bispectrum estimated via the indirect method Bispectrum estimated via the indirect method

st

0
0 010203040506070809 1 111213141516171819 2
St

0
0 010203040506070809 1 111213141516171819 2
st

(€) 0.586 Qpes (f) 0.630 Qpes

39




Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

st

st

0203040506070809 1 111213141516171819 2
St

0
0 010203040506070809 1 111213141516171819 2
St

Bispectrum estimated via the indirect method 10" Bispectrum estimated via the indirect method 10
1

0
0 010203040506070809 1 111213141516171819 2
St

(9) 0.675 Qpes (h) 0.751 Qpes

Bispectrum estimated via the indirect method Bispectrum estimated via the indirect method %10

©

0102030405060

(i) 0.869 Qpes (i) 1.000 Qopes

Bispectrum estimated via the indirect method

st

0
0 010203040506070809 1 111213141516171819 2
St

(k) 1.183 Qpes

Fig. 3.4 Bispectrum of pressure signal form transducer #6 first campaign

40



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

Table 3.1 Identified non-linear frequency components

Q Q/Ones St=0.335 St=0.6635
[l/s] [-] #3 #5 #6 #3 #5 #6
29.0306 0.369 - - - - - -
31.7040 0.403 - - - X X X
37.4335 0.476 - - - - - -
40.9484 0.520 - - - X X X
46.1515 0.586 X X X X X X
49.596 0.630 X X X X X X
53.1898 0.675 X X X X X X
59.1733 0.751 - - - X X X
68.4122 0.869 - - - X X X
78.4801 0.997 - - - X X X
93.1494 1.183 - - - X X X

Table 3.2 Identified non-linear interaction components at full load

St Non-linear components St Non-linear components

0.335 7Str -St; or Stepr -Sty 0.518 Sty -Str

0.371 Sty -2Str 0.806 Sty +Str

3.1.1.2 Intensity of Pressure Fluctuation at St=0.6625 and St=0.335

In this section, the amplitudes of these two frequencies as the nonlinear
frequency components are compared, and the value is zero when the corresponding
frequency is not the fundamental one. In order to have a better comparison, the
intensity of the amplitudes is expressed as dimensionless values by Eq.(3-1):

(3-1)

Di —

>
|
> 1|

where Xx; is the real amplitude, x is the mean value of this group and Xxpi is
dimensionless value.

Take the data form transducer #3, 5, and 6 as examples, Fig. 3.5 shows the
intensity of the amplitude of the fundamental frequencies from these transducers.
Quite similar features and trends from different transducers could be found in this
figure, and they are outlined as bellow:

1. St=0.6625, as a fundamental frequency, could be found in most of testing
operating conditions. The change trend is in accordance with the mean
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pressure variation at the exit of the impeller versus the flow when the flow
rate is greater than 0.6 Qpes. Also a slump was detected around 0.6 Qpes .

The fundamental frequency St=0.335 only appear in first part of
saddle-instability region; furthermore, the variation goes up firstly and begins
to go down around 0.6 Qpes. But the flow rate corresponding to the turning
point is different from the flow rate of St=0.6625.
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(b) Transducer #5
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(c) Transducer #6
Fig.3.5 Comparison of the amplitudes of fundamental frequencies (Transducer

#4, 5, 6)

3.1.1.3 Time-frequency Analysis

In order to identify and characterize the unsteady phenomena in time-frequency
domain, the signals from all transducers were processed by the wavelet method. The
wavelet magnitudes from transducer #6 are shown in Fig.3.6.

Besides the impeller rotating frequency, the blade passage frequency and their
harmonics, the power spectra is characterized by two peaks at St=0.6625 and
St=0.335.These peaks are also captured in the wavelet results, which highlight the

unsteady characteristics (figure. 3.6).

time [s] ) time [s] ’
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Fig.3.6 Wavelet magnitude |Wn| of the pressure signal (transducer # 6)

It is worth mentioning that the magnitude of these frequencies display regular
fluctuations over time. It could be identified that the fluctuation period of impeller
rotating frequency is about 2.5Hz (St=0.0357). The exact period of the other
frequency fails to be obtained due to the insufficient evidence in the pictures.

In addition, in order to highlight the correlations of the fundamental frequencies
between two different test locations in saddle instability region, a cross wavelet
between two transducers has been done. Fig. 3.7 shows the cross wavelet magnitude
|[Whn| of the pressure signal (transducer #5 and 6) at some flow rates in this region. In
this figure, the pictures are composed of two parts: phase and intensity, which are
represented, by arrows and colour, respectively. The cross-correlation of subtonal
components (St=0.6625 and St=0.143) exists periodically in all listed flow rates. At
the flow rate of 0.630 Qpes, the frequency St=0.335 appears to be an obvious pulsation.
With the further reduction of the flow rate, the effect of St=0.335 progressively
weakens.
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Fig.3.7 Cross wavelet magnitude |Wn| of the pressure signal in the diffuser vane
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3.1.2 Second Series of Tests

3.1.2.1 Frequency Analysis of Pressure Signals

In the second campaign, the flow rate interval for the test is from 0.424 to 0.623
Qpoes. The auto power spectrum analysis was performed for these pressure signals. The
results of transducer #5, 6, 11 and 12 are shown in Fig.3.8. The spectrum appears
obvious peaks still at the frequency of St=0.335and St=0.6625 throughout all the test
range, and both of the values of these frequencies turn down near 0.6 Qpes.

T — <06
D 2 0.65 Q/Ql)cs

(b) Transducer # 6
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Fig.3.8 Power spectrum of pressure measured by the pressure transducer #5, 6, 11 and 12 in
the diffuser vane

3.1.2.2 Bispectrum Analysis of Pressure Signals

The bispectrum analysis of pressure signal from the second campaign was done, and
Fig.3.9 was the bispectrum of pressure signal form transducer #6. Table 3.3 lists the identified

non-linear frequency components at each flow rate.
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Fig. 3.9 Bispectrum of pressure signal form transducer #6

Table 3.3 Identified non-linear frequency components

Q Q/ OpEs St=0.335 St =0.6635
[1/s] [-1 #3 #5 #6 #3 #5 #6
33.23 0.424 - - - - - -
35.94 0.458 - - - X X X
37.36 0.477 - - - X X X
40.69 0.519 - - - - - -
41.92 0.535 - - - X X X
43.40 0.554 - - - X X X
44.69 0.570 - - - X X X
45.99 0.587 - - - X X X
47.29 0.603 X X X X X X
48.82 0.623 X X X
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The results show that, St=0.6625 and St=0.335 are both non-linear frequencies in
some flow rates in the saddle instability region, and they are consistent with the first

test results.

3.1.2.3 Intensity of Pressure Fluctuation at St=0.6625 and St=0.335

The intensity of the nonlinear frequency components is analysed in this section.
Fig. 3.10 shows the intensity of the fundamental frequencies at different flow rates
form transducer # 3, 5, and 6. In addition, the trend is quite similar to the first
campaign: as a fundamental frequency, St=0.6625 could be found in most of testing
operating conditions; in the saddle instability region, two fundamental frequencies of

St=0.6625 and St=0.335 both appear and drop near 0.6 Qpes.
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Fig. 3.10 Comparison of the amplitudes of fundamental frequencies (Transducer
#3,5, 6)

3.1.2.4 Time-frequency Analysis of Pressure Signals

The time-frequency analysis of pressure signals from the second experimental
campaign was carried out. The time-frequency characteristics of the pressure signals
in the saddle instability region were shown in Fig.3.11 and 3.12. The pressure signals
were processed by wavelet and cross wavelet, respectively. In these pictures, the
fundamental frequencies of St=0.6625 and St=0.335 fluctuate with time.
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Fig.3.11Wavelet magnitude |Wn| of the pressure signal (transducer # 6)

CrossWave QQ=44.69P5 P6 CrossWavc QQ=45 99P5 P6
2413 I‘J“l\‘ Y \Il’lt Mlll \' !" " ‘ 413 i ll‘
196 n'! Mnh\‘ 1 w|| it } i .”
1592 M H J

.5 2 . . . .
Time [s] Time [s]

(@) 0.570 Qpes (b) 0.587 Qpes

CrossWavc QQ=48.82P5 P6

dun
| (IR

Crossane QQ=47 29P5 P6
VL I | I\ k L U gy \I I
‘Iu“ i) | 'mhm\, ik
m | nqnn‘ L)
I )

n& iy

D
(
1
I
)
N

%

. 2
Time [s]

(c) 0.603 Qoes (d) 0.623 Qpes
Fig.3.12 Cross wavelet magnitude |Wn| of the pressure signal in the diffuser vane
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3.1.3 Identification of Rotating Stall by Pressure Signal

In order to identify whether the pressure fluctuations have the circular rotation,
the work was done as bellow:

First step, the original pressure signal was filtered by the band-pass filter, which
based on the frequency of the interested pressure fluctuation.

Second, the filtered signal was divided into many segments by the same time
interval, which is equal to the time of 1 impeller revolution.

Then, an instantaneous image of the time-pressure fluctuation could be drawn
like Fig.3.13 (a), which is based on these pressure segments. In this picture, the
vertical axis represents the circumferential angle of the impeller, and the horizontal
axis is the sampling time of pressure on diffuser vane.

Fig. 3.13 (a) presents the temporal wave obtained by the pressure signals filtered
by band-pass (St=0.6-0.7) over 20 impeller revolutions (equals to 2s) at full load. The
filtered pressure signals reveal high-pressure amplitude which appears 4 or 5 times
every impeller revolution and propagates forward to the rotation of the impeller. This
instability is corresponding to the peak of spectrum at St=0.6625 (see Fig. 3.13 (b)).

It could be found in the figure that the stall rotates slightly faster than the
impeller. Its revolution rate could be estimated by the slop ki, of the black dotted lines
(in Fig.3.13 (a)) using the following relation:

teny ¢ = 360-|tank|
t -n-1
fRs_F = de'iL (3-2)
delay _F
St.-BPF
me = f—
Rs_F

where tgelay _F IS the delay time of these stalls period, n is the speed of the impeller,
frs F IS the frequency of rotating stall, mr is the number of stall. Therefore, for the
frequency St=0.6624, the tqelay _r is about 1.7s, the frs F is 9.41Hz ((St=0.134), and the
number of stall mg=5.
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Fig.3.13 Pressure signal at design flow rate (transducer #5)

Based on the time and frequency domain analysis of last section, in the
saddle-instability region, there are another non-linear frequency components St=0.335
except St=0.6625. In this case, the analysis of pressure signal at the flow rate of 0.623
Qpes Obtained by the first campaign was listed in Fig 3.14 (a) presents the time wave
of the pressure signal filtered by band-pass St=0.6-0.7 and Fig 3.14 (b) presents time
history of the signal filtered by band-pass St=0.3-0.35.

Compared with Fig. 3.13 (a), it is indicated that the propagating characteristics at
St=0.6625 at this flow rate is quite similar to full load condition. The disturbance at
St=0.6625 still have 5 cells, and the corresponding frequency is 9.41Hz ((St=0.134).

Additionally, as shown in this figure, the pressure fluctuation of St=0.335 rotates
with the impeller like the pressure fluctuation of St=0.6625. It could be found that the
rotating speed of the distribution of St=0.335 is smaller than the speed of impeller,
and the speed could be calculated by Eq.(3-3).
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t =360-|tank,|
_ 1:ahead_s ‘n +1 (3_3)

Rs_s
- t

ahead _s

ahead _s

St,-BPF

S
fRs_S

where ko is the slop of the black dotted lines (in Fig.3.14(b)), tanead s is the ahead time

of these distribution period which equal to 0.62s, frs F is the frequency of the stall.
The value is 11.61 Hz ((St=0.166), and therefore the number of these stalls ms is 2.
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Fig.3.14 Pressure signal at 0.623 Qpes (transducer #5)

Therefore, by the analysis above, it is concluded that the pressure fluctuation of
St=0.6625 is caused by a kind of rotating disturbance with 5 rotating cells and rotating
frequency of St=0.134. Furthermore, the pressure fluctuation of St=0.335, which is
detected at the first part of saddle-instability region, is also caused by a kind of
rotating disturbance. It is comprised of two rotating cells, and the rotating frequency
is St=0.166.

3.2 High-Speed Flow Visualization

Two different unsteady patterns were detected by the pressure analysis. In order
to understand the development of these unsteady flow structures, the analysis of
high-speed flow visualizations was carried out. The visual range was zoomed in flow
passage between the vanes of diffuser and return channel.

In the analysis of the frames, it is assumed that the air bubbles fairly follow the
streamlines with almost no effect on the flow itself. The flow visualizations highlight
that the recirculation regions are present in the U-turn return channel at design and
lower flow rate.

At full load condition, inside the diffuser vane channel, the trajectory of air
bubbles from D03 is straight with a quite negligible longitudinally unsteadiness (Fig.
3.15(a)). In the return vane channel, the bubbles, which blew out of the R16, were
rapidly scattered forming puffs of bubbles. The bubbles flow pattern was close to the
diffuser suction side (Fig. 3.15(b)), and the frequency of the bubbles clouds was
consistent with St = 0.6625. Moreover, a reverse flow volume was present in the
corner between the vane suction side and the U-Turn hub (central region in Fig.
3.15(b)). The bubbles, which are blown out of the R16 hole, were partially absorbed
by the reverse flow and moved inside it with an ellipsoidal path. This recirculation,
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showed a pulsating oscillation and discard of the bubbles equal to the impeller
rotating frequency (St=0.143).

With the reduction of the flow rate, at the beginning, the bubbles moved along
the diffuser blade surface with random slowing down and restarting (Fig.3.16 b and c)
as the black line shown in Fig. 3.17. With a further reduction of the flow rate, the
frequency of the pulsations increased, a flow separation began to appear around the
trailing edge (Fig. 3.17), and gradually extended along the diffuser vane as sketched
by the red line in Fig. 3.17.

(a) Trajectory of air bubbles from P3 hole in diffuser
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(b) Trajectory of air bubbles from P16 hole in return channel

Fig. 3.15 Frames obtained by high speed camera at design flow rate in the diffuser
and return channel at design flow rate
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(a.) Q/QDes: 0.90 (b) Q/QDes: 0.85 (C)Q/QDes: 0.80
Fig. 3.16 Frames obtained by high speed camera in the diffuser at flow rates from 0.9

tO O.8QDes

When the flow rate decreased below the design flow rate, the back flow volume
in the return channel moved along the suction side, extending towards the back side
direction. The unsteady pattern in return channel strengthened emphasizing its
characteristic frequency St= 0.6625 with the flow rate decreasing. Moreover, the
bubbles, which flew into the diffuser, became slightly unstable in the crosswise
direction.

~ Return channel vane Diffuser vane

Fig.3.17 Sketch map of the bubbles tracks in diffuser.
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Fig. 3.18 Frames sequence obtained by high speed camera at 0.63 Q/QDes in the
diffuser.

At lower flow rate the flow field into the diffuser manifested a full
three-dimensional flow structure. At about 0.63 Qpes, a crosswise unstable disturbance
appeared, shown by the frames sequence in Fig. 3.18. The air bubbles were
periodically spread out axially on the diffuser blade. This disturbance, which is related
to the boundary layer separation, stalls in the diffuser and is noticed with a frequency
very close to St=0.335.

Furthermore, an intermittent spiral trajectory started to appear at the inlet of
return channels, which is shown by the frames sequence in Fig. 3.19. In the same
sequence three groups of bubbles are marked to help to identify the complex 3D
trajectory. This macro vortices is consistent with the progressive periodic partial
choke of the diffuser vane. (A, B and C represent a reverse flow volume, spiral
trajectory and bubbles clouds, respectively)
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Fig. 3.19 Frames obtained by high speed camera at 0.63 Qpes in the return channel

With a further flow rate reduction, the flow became more unstable. At 0.59 Qpes,
as shown in Fig. 3.20, the air injected through the DO3 of the diffuser was found
periodically to move back toward the impeller. The front side of return channel close
to the hub was occupied by the same vortex shown in Fig. 3.19. Moreover, when the
diffuser was stalled the air, pumped out of the hole number R04 on the return vane
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suction side, moved from the back side of the return channel toward the front side,
mixed with the flow in the front side and came back to the outlet (Fig. 3.21).

Fig. 3.20 Frames sequence obtained by high speed camera at 0.59 Q/Qpes in the
diffuser
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Fig. 3.21 Frames obtained by high speed camera at 0.59 Qpes in the return channel

Below Qoes = 0.45, which is for flow rate lower than the instability region, the
periodic stall/back flow inside the diffuser disappeared. The bubbles path analyses
show only vortexes of which the intensity and structure changed stochastically. In Fig.
3.22 some of the vortexes are shown.

Fig. 3.22 Frames sequence obtained by high speed camera in the diffuser
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3.3 Conclusions

Experimental analyses were carried out on a low specific speed pump-turbine
operating at full and part load conditions on pump mode to study the characteristics
and the development of the unsteady phenomena in saddle-instability region. The
pressure variations in diffuser vanes both in time and frequency domains were
analyzed. High-speed flow visualizations were used to analyze the flow field in this
flow rate interval. Based on the above analysis, the following conclusions were
derived in this section:

1. A rotating pressure disturbance at St=0.6625 with 5 cells was detected in
diffuser at full load and most part load conditions. Combined with the results
form high-speed visualizations, it indicated that this disturbance was caused
by the unsteadiness at St=0.6625 which occurs on the stay vane suction side
in the return channel just near the U shape corner.

2. Another periodic pressure fluctuation at St=0.335 was found in diffuser when
the Q-H curve began to be unstable around 0.7 Qoes. It was also propagate
circumferentially with 2 cells. The high-speed camera results highlighted that
this unsteady perturbation was coupled with an unsteady three-dimensional
pattern into the diffuser vane channels. With the development of the unstable
on the Q-H curve, a positive slop was found by several repeat tests around
the critical flow rate 0.6 Qpes and a drop of mean pressure variation has
detected at the exit of impeller. Additionally, a reduction of pressure
amplitude at St=0.335 and St=0.6625 has also been detected around this flow
rate. Furthermore, with the furthering falling flow rate, the disturbance of
St=0.335 disappear.

Some features of these two kinds of disturbances have been captured by the
experimental results in this section. However, the causes and the development of these
unsteadinesses with the falling of flow rate and what role they play on the unstable of
Q-H curve remain unanswered. More comprehensive analysis about these questions
would be done combined with numerical simulation of the fluid field and the relative
acoustic field in Chapter 6 and 7.
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11 Numerical Investigation

Chapter 4 Investigation Methodology of Numerical

Simulation

Due to the high expensive in terms of time and costs in experimental
investigations, the numerical simulation becomes to be a useful complementary
approach. The unsteadiness at part load not only seriously influences the stability of
the performance curve, but also has great effect on flow-induce noise and vibration.
For example, the rotating stall may resonate with an acoustic mode of the inlet or
discharging piping and produces a serious pulsation problem (Dussourd 1968). In this
research, the study of numerical simulation is carried out both on the flow field and
the relative acoustic field.

4.1 Simulation of the Flow Field

Computational fluid dynamics, usually abbreviated as CFD, is used to research
fluid flowing state. It is a relatively fast and cost effective method to evaluate
performances and explore the flow hydrodynamics.

A normal CFD analyses normally includes the following parts: problem
statement, mathematical model, discretization process and iterative solution strategy.

The problem statement applies the information about the geometry of the domain
and operating conditions. The initial condition (IC), boundary conditions (BC) and
turbulence model will be chosen based on this information. For the mathematical
model, initial boundary value problem (IBVP) is composed of partial differential
equations (PDE), IC and BC.

4.1.1 Governing Equations

The fundamental basis of almost all CFD problems are the Navier—Stokes
equations, which are nonlinear PDE in almost every real situation and define any
single-phase (gas or liquid, but not both) fluid flow. The derivation of the Navier—
Stokes equations begins with an application of Newton's second law: conservation of
momentum (often alongside mass and energy conservation) being written for an
arbitrary portion of the fluid, the three-dimensional unsteady form of the

Navier-Stokes Equations is(White 1979):
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avi. - 1 -1 -
— =R-ZVp+WA& +ZW(V-V 4-1
& SV +3( ) (4-1)

where V is the flow velocity, R represents body forces (per unit mass) acting on

the fluid, t is time, p is the fluid density, p is the pressure, v is the Kinematic

coefficient of viscosity which equal to # and w is dynamic coefficient of viscosity.
P

The Navier—Stokes equations are strictly a statement of the conservation of
momentum. To fully describe fluid flow, more information is needed, how much
depending on the assumptions made. This additional information may include
boundary data (no-slip, capillary surface, etc.), conservation of mass, conservation of
energy, and/or an equation of state. Normally, the continuity equation was written as
bellow(White 1979):

%QV(AB=0 (4-2)

Navier-Stokes equations are analytically solvable only in special cases. In CFD,
a discretization method is used to approximate the differential equations by a system
of algebraic equations, which can be solved on a computer.

For the analysis of flow phenomena and their numerical simulation in this study,
the fluid is assumed incompressible. For incompressible flow and constant viscosity,

%vV(V-V)and W2 equal to 0, the Navier-Stokes equations was written as

bellow(White 1979):

&V _r-Lvp (4-3)

Some of the discretization methods used in CFX are finite volume method, finite
element method, finite difference method, spectral element method and etc. In this
study, the commercial CFD software ANSYS CFD 14.0 was used to conduct the
simulation and finite volume method (FVM) is adopted to discretizate the equation.

FVM, as a common approach used in CFD codes, has an advantage in memory

usage and solution speed, especially for large problems, high Reynolds number
turbulent flows, and source term dominated flows (Patankar 1980).
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4.1.2 Turbulence Modelling

In computational modelling of turbulent flows, one common objective is to
obtain a model that can predict the quantity of interest. For turbulent flows, the range
of length scales and complexity of phenomena involved in turbulence make most
modelling approaches prohibitively expensive. The resolution required to resolve all
scales involved in turbulence is beyond what is computationally possible. The primary
approach in such cases is to create numerical models to approximate unresolved
phenomena.

A typical approach is the Reynolds-Averaged Navier-Stokes equations (or
RANS equations). The idea behind the equations, which is proposed by Osborne
Reynolds(Reynolds 1895), is Reynolds decomposition, whereby an instantaneous
quantity is decomposed into its time-averaged and fluctuating quantities. Typical
examples of such models are the k-¢ or the k-@ models in their different forms
(Launder and Spalding 1974). These models simplify the problem to the solution of
two additional transport equations and introduce an Eddy-Viscosity (turbulent
viscosity) to compute the Reynolds Stresses.

Although RANS models are the economic approach for computing complex
turbulent industrial flows, RANS models do not accurately predict all flow details in
massively separated flow regions. In addition, the RANS formulation does not
provide any information on turbulent flow structures and spectral distribution, which
might be of importance to predict flow-induced noise or vibrations. Although the
Large Eddy Simulation (LES) methods could obtain better results for separated and
recirculating flow, on the other hand, experience has shown that the use of LES in
boundary layer flows at high Re numbers is prohibitively expensive. Thus, LES is not
an appropriate way to simulation the unsteadiness in turbomachines.

In order to save computing resources and computing time, hybrid RANS-LES
approach is a good way to simulate the flow field in pump. Feng et al.(Feng, Benra et
al. 2010) used the hybrid RANS-LES approach to predict successfully a “two-channel”
stall phenomenon in the impeller , but RNG k-¢ and SSG model failed to predict it.
Lucius et al. (Lucius and Brenner 2010, Lucius and Brenner 2011) used another
hybrid RANS-LES method called scale-adaptive simulation to calculate rotating
stall in a centrifugal pump, and Vlad (Hasmatuchi, Roth et al. 2011) also applied it to
investigate the stall flow in a pump-turbine.

In this study, the detached eddy simulation (DES) was adopted in the simulations
to highlight the fluid-dynamical characteristic of the unsteady flow and investigate
their origin. DES is a hybrid method of RANS and LES approaches that RANS is
used to save computing power in the boundary layer region and LES is used to

provide the information on turbulent flow structure and spectral distributions. DES is
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a non-zonal approach and provides a single smooth velocity field across the RANS
and the LES regions of the solution (Kotapati-Apparao, Squires et al. 2003,
Kotapati-Apparao, Squires et al. 2004). For this simulation, the shear stress transport
k- model covers the boundary layer while the Smagorinsky-Lilly model is applied in
detached regions.

4.1.3 Computational Domain and Meshing

The computational domain includes the whole pump-turbine model. It is divided
into four main components: inlet, impeller, diffuser and refeeding channels. The effect
of leakage flow on the fluid flow would not be considered negligible in this research.
The leakage system is modelled at both the impeller inlet and outlet as shown in Fig.
4.1. Moreover, the leakage flow rate of the impeller inlet and outlet is determined
from the experiment results (Cavazzini 2013).

Adduction Impeller

b QL
[ ] Leakage system at impeller outlet
I eakage system at impeller inlet

Fig. 4.1 Leakage system

(a)Mesh details of inlet

68



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

(c) Mesh details of diffuser

(d) Mesh details of return channel
Fig. 4.2 The mesh of different domain components

For the LES model, it is serious sensitive to the mesh and the time step. Thus, the
refinement of grid and time step is important in this simulation. The discretization of
different domain components is shown in Fig. 4.2. The adduction is discretized by a
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structured mesh of about 339 500 elements. Anyway, care was taken to have a y+
value of approximately 30 at the first elements close to the wall. An O grid for the
impeller investigation was performed. Preliminary tests were carried out to study the
grid dependence and to guarantee an accurate and grid independent solution for the
impeller. A grid independent solution can be obtained for the stage head H and the
stage efficiency calculation with about 200 000 elements per passage. In the impeller
computational domain, there is a total 2 600 000 cells with y+ values below 30.
O-type grids are also adopted for both the diffuser and the return channel
discretization with about 2 900 000 and 3 300 000 million cells, respectively. And
several H-blocks are built to describe the cavities of the leakage system.

4.1.4 Boundary Conditions and Numerical Algorithm

The time step definition is based on the impeller rotation and it is of about one
degree. The scheme adopted for the time discretization is a second-order implicit time
stepping. A maximum number of five iterations are fixed for each time step, resulting
in a mass residue of 10°°, momentum residues of 1074, and turbulence kinetic energy
and energy dissipation residues of 107, In addition, the RMS (root-mean-square)
courant number was CFL =0.15.

On both blades and wall surfaces, the boundary layer is assumed fully turbulent.
For the interface between stator/rotor blocks, the standard transient sliding interface
approach is chosen. The mass flow rate with stochastic fluctuations of the velocities
with 5% free stream turbulence intensity is described at the inlet and the average static
pressure is prescribed at the outlet.

In order to highlight the extremely complex fluid dynamic problem, head, flow
rate and pressure are measured in the impeller, diffuser and return channel,
respectively. The pressure monitor points were set in each impeller, diffuser and
return channel blades, Fig. 4.3 shows the distribution of pressure monitors in one
impeller blade, diffuser vane and return channel. The numerical signals are acquired
for 14 impeller revolutions, corresponding to about 1.4s after 20 revolutions required
achieving a quasi-steady simulation convergence.
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Fig 4. 3 Pressure monitors in a part of the model pump

4.2 Simulation of Intensity of Dipole Sources

With increasingly strict criteria for environmental noise, the property about low
noise has become more and more important. The noise source in centrifugal pumps
can be divided into structure-borne noise and flow-induced noise(DUrrer, Wurm et al.
2006). Normally, the noise inner the pump generated by unsteady flow phenomena
(such as vortices, turbulent eddies, vortex shedding, turbulent boundary layers etc.) is
termed as flow-induced noise (Yang, Yuan et al. 2014). Reynolds number
characterizes the level of turbulence in the flow:

_inertial forces  pVL

Re =—
viscous forces  u

(4-4)

where p is the density of the fluid, V is the mean velocity of the object relative to the
fluid, L is the characteristic linear dimension and u is the viscosity of the fluid. Low
Re flow always has large flow scales, and flow of high Re includes large flow scales
and smaller flow scales. The unsteady vortices appear on many scales and interact
with each other and with the surface, and then the flow-induced noise generates. In
pumps, several processes result in pressure pulsations and excite flow-induced noise
consequently(Jeon 2003).
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Flow-induced noise could be classified into two parts. One part is the discrete
noise at some characteristic frequencies (such as the blade-passing frequency (BPF),
frequency of rotating stall and so on). This noise is the consequence of strong effect of
periodic flows inner pump. The other one is the broadband noise which is due to
turbulent flow and its frequency content was roughly determined by the length scale
and velocity of hydrodynamic disturbances(Lee, Heo et al. 2010, Li, Ouyang et al.
2010). In general, the discrete noise is the primary part of flow-induced noise for
pumps.

4.2.1 Method of Computational Flow-Induced Noise

For the research of discrete noise, experiment is the most direct and reliable
choice(Rzentkowski and Zbroja 2000), but the complexity of the noise test and the
large expense excludes the frequent use of this method. Fortunately, numerical
simulation spans these gaps and has become a useful tool to research this issue.

For the simulation of the acoustic field caused by flow, the most straightforward
approach is direct Computational Aero Acoustics (CAA), which means direct
numerical simulation of both the unsteady turbulent flow and the generated noise.
However, the high numerical cost of the direct CAA is prohibitive application at low
Mach and high Reynolds numbers.

Compared to the direct CAA approach, the hybrid approach is relatively fast,
cost effective and more flexible (Layton and Novotny2010). In addition, the hybrid
method of CFD coupled with computational acoustic has been used frequently. For
example, Langthjem and Olhoff performed a coupled simulation of the hydroacoustic
of a two-dimensional laboratory pump using a discrete vortex method (Langthjem and
Olhoff 2004, Langthjem and Olhoff 2004), and Sergey has developed a 3D
CFD--CAA acoustic-vortex method (Timushev 2009).

In this approach, the computational domain is split into different regions: one is
for the generation of sound and the other is for the propagation of sound. Firstly, the
flow field was simulated by Computational Fluid Dynamics (CFD) tool, and the flow
induced noise sources due to flow effects are generated on this step. Secondly, an
acoustic solver calculates the propagation of sound waves caused by flow effects.

For this approach, the fundamental assumption is one-way coupling. It means
that the unsteady flow produces sound and affects its propagation while the sound
waves do not affect the flow field significantly.

The principal application of the hybrid approach is the flows at low Mach
numbers and not strong coupling.
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For this case, the appropriate Mach number could be calculated by equation:

_ impeller periheralvelocity
speed of sound

M

(4-5)

and the Mach number of this pump is far smaller than 1.

Lighthill's analogy is one of the classical methods for the hybrid approach. This
analogy is only valid when the acoustic back-reaction on the hydrodynamic field
could be neglected. This needs to meet the following three conditions(Langthjem and
Olhoff 2004, Langthjem and Olhoff 2004):

1. The characteristic Mach number M«1,;
2. Compressibility is unimportant in determining the flow;
3. The flow is not coupled to a resonating system.

At the same time, the pump system in this study also satisfies the condition 2 and
3. Therefore, Lighthill's analogy is suitable for the acoustic simulation in this study. In
this analogy, the noise sources are divided into three different acoustic sources
(monopole, dipole and quadrupole) which include displacement of the fluid by a
moving boundary, pressure fluctuations on surfaces within the CFD calculation, as
well as interior flow features.

Monopole source (as shown in Fig. 4.4) is a result of fluid being displaced by the
swept volume of a moving boundary as it propagates through its range of motion.
Sometimes this noise source is also called the “self noise” or the “thickness noise” of
the device. Typically it is neglected for low speeds case and its acoustic power is
proportional to the fourth power of velocity.

Dipole source arises from the fluctuation of forces on the surface, so it is
possibly rotating. Sometimes these sources are also referred to as “loading noise.”
Strictly speaking, these forces cannot be evaluated without knowledge of the acoustic
field. However, the Lighthill analogy neglects any two-way coupling, and the forces
due to acoustic fluctuations are much smaller than the dynamic forces. Hence, it is
perfectly valid to only consider the dynamic forces created by the bulk fluid flow. Its
acoustic power is proportional to the sixth power of velocity.

Quadrupole sources arise in the interior of the flow and results from turbulence
fluctuations in wakes, shear layers, or interaction of flow features. Because many of
these features are three-dimensional in nature and transient data for a symmetric

tensor is needed over some three-dimensional region of the CFD calculation,
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quadrupole sources are very expensive to evaluate and store. The acoustic power is
proportional to the eighth power of velocity.

Monopole source
o P = o
Dipole source

2N
,:‘,. = o

Quadrupole source

Fig. 4.4 Diagram of three different acoustic sources
4.2.2 Numerical Scheme of Intensity of Dipole Sources

The roles of these three acoustic sources play in centrifugal pump were analyzed
by Langthjem (Langthjem and Olhoff 2004, Langthjem and Olhoff 2004). He
indicated that monopole sources might exist in a centrifugal pump in form of no
uniform outflow from the impeller, and in the form of flow and stagnation pressure
oscillations at the pump discharge. However, these are normally weak in a
well-designed pump. Dipole sources exist in the form of fluctuating pressure forces
on both rotating and stationary parts. These may be of significant magnitude,
especially for pumps with high hydrodynamic efficiencies. Quadrupole sources are
found in the unsteady, highly turbulent wake flow.

Ffowcs Williams and Hawkings (Williams and Hawkings 1969) analyzed the
balance between dipole and quadrupole contributions to the total sound generation by
multi-bladed fans rotating in a free field, and the results showed that the quadrupole
contribution may be comparable with the dipole contribution if the fan has very many
blades rotating near sonic speed (M~1). However, for a typical centrifugal pump, the
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Mach number is far smaller than 1, so the noise contribution from quadrupoles can
safely be neglected in this study.

Therefore, only the pressure fluctuations on the internal surface (the dipole
sources), which are caused by the interaction between the fluid including the rotating
blades, the diffuser, and the return channel, are considered in this study.

In order to obtain various noise sources, the DES model is used in the CFD
simulation, which is discussed in the previous section. During the prediction, the
surface pressure pulsations of the blades as the dipole source are provided by
ANSYS-CFX, and then the strength of the dipole source is computed by FFT
transform.

The maximum frequency to be analyzed in this step is given by time step setting
in the CFD simulation.

o = = (4-6)

for this case, the time step is 3.23%10™* which is equal to the time for the impeller
rotating one degree. fmax is equal to 1540Hz. The real time of input sources data is 1s
(10 impeller revolutions). Thus, the frequency resolution of this simulation is 1Hz.
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Chapter 5 Numerical Simulation Validation

The numerical analysis was carried out for some flow rates from full load to part
load (Q/ Qpes = 0.4571, 0.5325, 0.583, 0.630, 0.674, and 1.000). In this section, with
the help of experimental results, the feasibility of the numerical solution was proved
both quantitatively and qualitatively.

5.1 Quantitative Validation

For the quantitative validation, the head and the power obtained through
numerical simulation were compared with the experimental values firstly as shown in
Fig. 5.1. The head of pump by simulation results was calculated by Eq. (5-1) based on
weighted average:

H :i(zmﬂotal_z _Zmptota'_l) (5-1)
pY m 2m

Where R, ,is total pressure of outlet and R, , is the total pressure of inlet. The

numerically calculated characteristic shown in Fig. 5.1 (a) is also with the head
oscillation band. Outside the head discontinuities on the lower branch of the
saddle/hysteresis good numerical convergence was always obtained. Below the
transition between the two head-branches, numerical convergence was not obtained.
At the time, the numerical power is consistent with the test value (Fig. 5.1 (b)). Thus,
the model for the leakage system in this simulation could simulate the loss in the
leakage very well. In general, the results obtained from this numerical simulation
show very good agreement with the performance characteristics by experiment.
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(a) The comparison of head
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Fig. 5.1 Experimental and numerical pump characters

At the same time, the frequency peak St=0.6625, which is found in experimental
analysis from full load to part load, was also found in the head fluctuations of
numerical simulation results, which is shown in Fig. 5.2. However, the amplitude of

fluctuations at St=0.6625 was less pronounced in simulation compared to the
experimental results.

Head coefficient Head coefficient

0.0006 S,
0.0005 - 0.0005
U 1 0.0004
0.0003 0.0003 - St=0.3325
5 3 St=0.6625
0:0002 St=0.6625  ==Head at full load 0.0002 - j ~Head at part load
0.0001 u \ 0.0001 -
0+ 'St 0 ‘ St
0 0.5 1 1.5 2 0 0.5 1 1.5 2

(a) Q/ Qpes =1 (b) Q/ Qpes = 0. 583

Fig. 5.2 Head fluctuations of numerical simulation results against frequency at different flow rates

Additionally, in the saddle instability region, the frequency peak at St=0.335,
which is the other non-linear frequency component, was also detected in the results of
numerical simulation at part load 0.583Qpes .
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Furthermore, the pressure intensity decrease at St=0.335 and 0.6625 around 0.6
Qpoes Was also detected by the simulation results. Figure 5.3 shows the cross spectrum
of pressure between two monitors located at the inlet of the adjacent diffuser channels.
In this figure, it is indicated that the value at St=0.6625 and St=0.335 vanished when
the flow rate decreases from 0.63 to 0.583 Qpes. Moreover, the intensity of amplitude
at St=0.335 reduced with the reduction of flow rate, which is consistent with the
experiment results in Chapter 3.1.

*10°Pa?

60 -
50

40 -
=0.63 QDES

30 0.583Ppes

St=0.3325
St=0.6625

Ny |
0 ’ n_‘AA_A-_ __i AMAA kaﬂ__‘,_A_' ~—= St
1 1.5

0 0.5

Fig. 5.3 Cross spectrum of pressure monitors at the inlet of diffuser channel 8 and 9 at 0.63 to 0.583
Qpss

5.2 Qualitative Validation

In addition, the comparison of the flow field was conducted to validate the
accuracy of numerical simulation results with the help of the high-speed flow
visualizations. For the experimental results, the bubbles were injected from the
surface of diffuser and stay vanes. Thus, the validation of the flow field was divided
into two parts: diffuser channel and return channel.

First, the flow field in diffuser channel was compared as shown in Fig. 5.4 and
5.5 at full load and part load. The flow fields, which were captured by both the
high-speed camera and simulation, are relatively consistent: the approaching flow in
the diffuser was quit uniform at full load, and only weak flow separations was
detected near hub and shroud at the trailing edge of diffuser vane.
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Fig. 5.4 Comparison of flow field at full load in diffuser vane channel

When the test pump operated at part load condition, local unsteady flow became
more frequent and intense in diffuser vane channel. Figure 5.5 (a) shows the bubble
trajectories at different times in the diffuser channel at 0.583 Qpes. The bubbles flow
near the pressure side of diffuser vane sometimes in a smooth way (likes t1),
sometimes showing unstableness on the crosswise direction (likes t5) and sometimes
moveing back toward the impeller (likes t7). At the same time, in the simulation, a
strong flow separation at the vane suction side was captured on the crosswise
direction. With the development of the unsteady flow, it could influence the fluid on
the blade pressure side. That could explain why the unsteady was detected
intermittently in crosswise direction by high-speed camera.
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(b) Numerical simulation results

Fig. 5.5 Comparison of flow field at full load in diffuser vane channel at
Q/Qpes=0.583

The comparison of the flow field in return channel was also conducted. The
pictures captured by experimental and numerical results are shown in Fig. 5.6 and 5.7.
Figure 5.6 presents the flow field near the leading edge of return vane at the pressure
side at full load. Figure 5.6 (a) shows the trajectories of bubble from the R15 by
high-speed camera at different times and a small periodical whirl was detected. In the
simulation, this whirl was also captured as showed in Fig. 5.6 (b). Moreover, this
whirl weakens gradually from shroud to mid span.
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diffuser diffuser

R15

Outlet of Outlet of Outlet of Outlet of
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(a)High speed visualization
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(b) Numerical simulation results
Fig. 5.6 Comparison of flow field at full load in return channel (R15)

Figure 5.7 shows the bubble trajectories from the R16 near the leading edge of
suction side. There was a strong 3-dimentional unsteady pattern including a periodic
fluctuation at St=0.6625 near R16 which was also detected in the simulation as shown
in Fig. 5.7 (b).
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Fig. 5.7 Comparison of flow field at full load in return channel (R16)

5.3 Conclusions

BThe comparison between numerical and experimental data indicates that the
numerical head and shaft power from full load to part load agree well with the

experimental data.
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Additionally, the numerical results also capture the pressure disturbance at
St=0.6625 from full load to part load and the other non-linear frequency component at
St=0.335 in the unstable region of Q-H curve. However, the numerical pressure of
these frequencies present weaker intensity in the spectrum than the experimental data.

At the same time, the decreasing of the pressure intensity around the critical flow
rate of 0.6Qpes Was also computed by the simulation results. Furthermore, with the
help of the high-speed visualizations, the reasonable agreement of flow field between
numerical and experimental results was validated.

Thus, the simulation of the flow field in this research could be used as reliable
results to help understand the features of the flow inner pump at different flow rates.
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Chapter 6 Unsteady Patterns at Full Load Condition

The experimental analysis in chapter 3 indicated that unsteady flow patterns
occur even at full load condition in the test pump. By the results of high-speed camera,
it shows that these unsteady flow patterns mainly occur in the first part of return
channel and caused weak unsteady patterns near the trailing edge of diffuser vanes.
Thus, the flow field in diffuser and return channel by simulation was discussed firstly
in this chapter to help know more information about these unsteady flow patterns at
full load condition.

6.1. Unsteady Flow Patterns in Diffuser and Return Channel

6.1.1 Statistical Analysis on Pressure Fluctuations

In order to highlight the time scales of unsteady fluctuations, statistical methods
were adopted to analyze the pressure fluctuation intensity on each grid node in the
fluid domain (Pei, Dohmen et al. 2012, Pei, Yuan et al. 2012, Pei, Yuan et al. 2013).
The advantage of these methods is their ability to record the pressure fluctuation
distribution and strength in the inner unsteady flow field directly and
comprehensively for several impeller revolutions.

In this study, root mean square and the standard deviation of pressure was used to
indicate the pressure fluctuation intensity. The pressure on any grid node i can be

given as p,(X,y,z,t) . The pressure coefficient, which represents the normalized

pressure, is defined as follows:
C. =p, /05pu,’ (6-1)
The average pressure coefficient in any period could be calculated using Eq. (6-2)

1N

n=0

Ci(xy,z,— (6-2)

Z

where N is number of the time step adopted in the calculation. In this study, two
different time records were used to analyze the time scale of the pressure disturbance,
which are one impeller revolution (0.1s, N=308) and 10 impeller revolutions (1s,

N=3080).
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The maximum and minimum pressure coefficients could be calculated using Egs.
(6-3) and (6-4)

C

pimax

= max[C,, (x, ¥,z 1] (6-3)

Cpimin = min[Cpi (Xv yv Z’%)] (6'4)

where n=(0, 1, 2...... , N-1).

The root mean square of the pressure coefficient could be calculated using Eg.
(6-5), and the standard deviation of pressure coefficient was calculated by Eq. (6-6)

N

1 2
Cpirms = \/EZ(CW (X7 Y, Zl%)j (6'5)

n=0

1 [ —Y
Cpisdv :m\/g(cpi(xi ylzl%)_cpij (6-6)

In the CFX solver, most variables, such as the pressure variable, are global
variables, which can be read from each grid node in the calculation domain. Therefore,
using the CFX Expression Language and the Frozen Copy function, all the statistical
coefficients related to the results for several entire impeller revolution periods,
defined above, can be expressed, and the corresponding global variables can be
established. The statistical results on each grid node can then be obtained by reading
the variables.

At full load, the distribution of pressure and velocity in impeller was quite even,
and the unsteady flow patterns mainly occurred in diffuser and return channel. Thus,
the statistical analysis was focused on diffuser and return channel. Fig. 6.1 was the
distribution of instantaneous pressure coefficient Cp, and root mean square of the
pressure coefficient Cpirms (in 0.1s) in diffuser and return channel at full load. For the
distribution of instantaneous Cy, it was uneven around the outlet of diffuser and inlet
of return channel. However, the distribution of Cpms IS quite even in diffuser and
return channel. Thus, unsteady phenomena mainly occurred near the inlet of return
channel and the time scale was smaller than 0.1s. So the frequency of this phenomena
approximately equals or greater than 10Hz.
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Fig. 6.1 Pressure distribution in diffuser and return channel at full load

6.1.2 Unsteady Pattern at St=0.6625

At full load condition, inside the diffuser vane channel, the trajectory of air
bubbles from D03 hole was straight with a quite negligible longitudinally
unsteadiness downstream of the trailing edge (Fig. 6.2 (a)) which is consistent with
the simulation results (Fig. 6.2 (b)). In the return vane channel, the bubbles, which

blew out from the R16, were rapidly scattered forming puffs of bubbles. The bubbles
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flow pattern was close to the vane suction side (Fig. 6.3(a)), the unsteady flow pattern
has a pulsation with frequency St= 0.6625. This region is agreeing with the uneven
region of instantaneous Cyi in Fig. 6.1. Moreover, in the picture of streamlines (Fig.
6.3 (b)), a similar unsteady flow pattern was also found.

Meanwhile, the velocity at the mid span of diffuser and the first part of return
channel was processed by fast Fourier transform. Fig. 6.3 (c) illustrates the
distribution of the results at St=0.6625. The picture shows that the high value region
of velocity at this frequency also mainly appeared at the first part of return channel
and near the suction side of vane. This location was coincided highly with the place of
the unsteady pattern in return channel which was found by high speed camera.

In order to know more details of this disturbance, Fig. 6.4 shows the distribution
of the pressure amplitude at St=0.6625 on different cross sections of diffuser and
return channel at full load. It indicates that the high amplitude pressure regions mainly
appear near the suction side of stay vanes. From hub to shroud, pressure intensity of
the high amplitude regions gradually weakens. Furthermore, near hub, some obvious
high pressure regions were found near the trailing edge of adjusted vane.

Therefore, due to the U return stay vane, even at full load condition, there are
unsteady flow pat terns with frequency St=0.6625 in the return channel near suction
side of the stay vane and the U shape corner. This unsteady flow pattern was strongest
near hub.
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Fig. 6.2 Flow field in diffuser at Qpes (a) The trajectory of air bubbles from D03 hole
in diffuser (b) Instantaneous velocity streamlines at different spans of diffuser
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from R16 hole (b) Instantaneous velocity streamlines by simulation (c) Velocity
distribution at St=0.6625 at mid spam by simulation
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6.1.3 Unsteady Pattern at St=0.042 and 0.085

Except unsteady disturbance at St=0.6625, there were some other disturbance at
different frequencies (St=0.042 and 0.085). In order to highlight the characteristics of
these unsteady disturbances, the pressure, velocity, total pressure and flow rate of
diffuser and return channels were analyzed in this section.

6.1.3.1 Frequency Analysis of the Pressure and Velocity

In order to highlight the location of the patterns in the diffuser and return channel,
the frequency analysis on the velocity and pressure at these frequencies on the cross
section were analyzed.

The data (velocity and pressure) on each node, which were extracted from the
sections near hub span, mid span and near shroud span of the diffuser and return
channel, were processed by the Fourier transforms.

Firstly, the distribution of velocity intensity was discussed at St=0.042 and
St=0.085. For these frequencies, the high amplitude region was also focused on the
first part of return channel and some trailing edge of diffuser vane as shown in Fig.
6.5 and 6.6. It could be found that the locations of high amplitude at these frequencies
were consistent with St=0.6625 (Fig. 6.3(c)). Furthermore, the distribution of pressure
intensity at these two frequencies which shows in Fig. 6.6 was also similar to the
distribution at St=0.6625 (Fig. 6.4).

Thus, at full load, the unsteady flow which occurs in the return channel also
contains periodically disturbance with frequencies St=0.042 and St=0.085. Like the
unsteady disturbance at St=0.6625, these unsteady patterns happened in first part of
return channel and near the suction side of stay vane and influence some diffuser
channels remarkably.
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6.1.3.2 The Analysis of the Instantaneous Total Pressure in Each Diffuser and

Return Channel

Based on the analysis of the instantaneous pressure, total pressure and flow rate
in the diffuser and return channels, several propagation characters were detected at
St=0.042 and St=0.085.

Figure 6.7 shows the information about total pressure at the inlet of each diffuser
channel. Figure 6.7 (a) presents that the total pressure of each diffuser channel
changes in two impeller revolutions (0.2s). It indicates that the perturbation consists
of 7 cells and propagates in the impeller rotating in the same direction and with the
speed aimp Of the impeller. This feature is consistent with the auto spectrum of the
total pressure in diffuser channel 1 (Fig. 6.7. (b)) which presents a peaks at BPF. This
perturbation is caused by the rotor and stator interaction.

The total pressure at the outlet of each diffuser channels was shown in Fig. 6.8.
The fluctuation of total pressure at outlet was more complex than at inlet. In Fig. 6.8
(@), there is an encounter pattern rotating in the reverse direction at 1.75wimp Which
was indicated by black dotted lines marked -1.75@mp and consisting of 4
diametrically cells. It may contribute the auto spectrum peaks near St=1 in Fig. 6.8 (b).
Also, another rotating perturbation was found in the time history which rotates far
smaller than impeller and propagates forward. Compared with the spectrum of total
pressure in the inlet of diffuser, there was a weak peak at St=0.6625 captured at the
outlet. While this peak and the other frequency peaks (St=0.042 and St=0.085) in Fig.
6.8 (b) could not clearly obtained in the picture of time history Fig. 6.8 (a).

Start P 21eVOIUtioNS — ee—-
Diffuser Vane

®imp

02 0.25 03 0.35 0.4
Time [s]

(a) Time history of total pressure in each diffuser channel
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Fig. 6.7 Total pressure at the inlet of diffuser channels
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Fig. 6.8 Total pressure at the outlet of diffuser channels
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At the inlet of the return channel, the time history picture about the instantaneous
total pressure was quite similar to the outlet of diffuser as shown in Fig. 6.9 (a). The
rotating pattern with four cells in the reverse direction at 1.75 aimp still existed. While
in the outlet of return vane channel there was not any rotating disturbance in Fig. 6.9

(b).
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(b) at the outlet of return channel
Fig. 6.9 Time history of total pressure at the inlet and outlet of return channel

Meanwhile, the total pressure at the inlet and outlet of return channel in
frequency domain show that the all pressure peaks were weaken when the flow flows
past the return channel. Moreover, the peak at St=0.6625 disappears at the outlet of
return channel (Fig. 6.10).
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Fig. 6.10 Comparison of auto spectrum of total pressure at the inlet and outlet of retum channel

Therefore, through the analysis on instantaneous total pressure at inlet of diffuser,
the distribution of the total pressure was quite even, only a rotating disturbance caused
by the rotating blade crossing the diffuser vane was detected (the peaks at impeller
rotating frequency and BPF). At the same time, a rotating pattern was indicated at
outlet of diffuser and the inlet of return channel. It has four diametrically cells and
rotates at 1.75wimp in the reverse direction which also contributes an obvious peak at
BPF. However, the rotating pattern was not found at the outlet of the return channel
and only some stable patterns were detected at this section.

6.1.3.3 The Analysis of the Instantaneous Flow Rate in Each Diffuser and Return

Channel

The instantaneous flow rate at the inlet of diffuser was analyzed firstly. Figure
6.11 shows the auto spectrum in diffuser channel 1. It could be found that the
frequency distribution of the flow rate was quite similar at the inlet and outlet of the
diffuser vane channel. In addition to the BPF, other frequencies St=0.042 and
St=0.085 were indicated.
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Fig. 6.11 The out spectrum of the instantaneous flow rate in the diffuser vane channel

Since the unsteady flow pattern mainly occurred at the first part of the return
channel, the flow rate signal at outlet of diffuser was more sensitive to this unsteady
pattern than at inlet, and the time wave was shown in Fig. 6.12. Two kinds of rotating
encounter were found in this picture. They are a reverse rotating disturbance at 0.2
wimp With 3 cells and a forward propagated pattern with 4 cells at 0.073 @imp. They are
contributed to the frequency peaks at St=0.085 and St=0.042 (in Fig. 6.12),
respectively.
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Fig. 6.12 The time wave of the instantaneous flow rate at the outlet of diffuser vane
channel

There is a gap between the diffuser and return channel, some part of the flow
from the diffuser and return channel would run into the next adjacent return channel

as Fig. 6.13 shown. It is indicated that the fluid cross this face was quite unstable.
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Near the hub and shroud, some fluid in the return channel near the inlet run to the next
adjacent return channel.

In order to evaluate the leakage that flows into the adjacent channel, a leakage
monitor face (the yellow face in Fig. 6.14) was built, and the flow rate crossing the
face was monitored by time.

Fig. 6.13  Velocity streamlines on the sections of different span

Face to evaluate!
the flow rate

Return channel val

Fig. 6.14 Face built for monitoring the flow rate run into adjacent return channel form
diffuser

The time wave of the flow rate observed from these faces was shown in Fig. 6.15
(@). The reverse rotating disturbance at 0.2mmp Which was detected at the outlet of
diffuser channel was also indicated while the forward rotating pattern with 0.073 @imp
disappeared.

96



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

Thus, the rotating pattern with 0.073 wimp has greater impact on the flow rate in
diffuser channel than return channel. Moreover, it also has greater impact near the
inlet of the diffuser due to the flow rate amplitude of St=0.042 was stronger at the
inlet than outlet of diffuser (in Fig. 6.11).

At the same time, the rotating disturbance at 0.2 wimp Was detected at the inlet of
return channel, as shown in Fig. 6.15. Thus, for the analysis of flow rate in diffuser
and return channel, it could be found that this disturbance at St=0.085 has greater
impact in the return channel than diffuser. This would explains why the amplitude of
St=0.085 is stronger at the outlet than inlet in diffuser as shown in Fig. 6.11.
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(a) Time history of flow rate in each monitor face
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(b) Auto spectrum of flow rate in each monitor face

Fig. 6.15 Flow rate on the monitor face
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Fig. 6.16 Time history of flow rate at the inlet of return channel

6.2. Unsteady Disturbance in Impeller

Although the flow field in impeller was even at full load condition, the pressure
inner it was also influenced by the unsteady flow from the return channel by the
pressure analysis in frequency domain.

The pressure spectra from the pressure monitors (Fig. 4.3) inside the impeller in
the rotating reference from hub to shroud span was drawn in Fig. 6.17. Near the
trailing edge, there was a peak around St=1.579 (110Hz, nwfir) which was caused by
the rotor and stator interaction. Fig. 6.17 also indicates that there were several peaks
at frequencies bellow St=1.579. Some of them were the harmonics of fir, some other
peaks were not the harmonics of fir such as St=~0.335 and 0.66.

Furthermore, by the high order analyses, a non-linear frequency component was
detected near St~0.335 except St=1.579 and fir as shown in Fig 6.18. In the relative
system of reference, the Strouhal number could be expressed by(Cavazzini 2006,
Pavesi, Cavazzini et al. 2008):

Strelative = Stabsolute (6'7)

n,

By the calculation, the number of modes m, matching Streiative~0.335, was 7.
Moreover, the corresponding Streiative Was around 0.6625 which was consistent with
periodical disturbance occurs in return channel. In addition, the peak around St=0.66
in the rotating frame was the non-linear interaction component by St~0.344 and BPF.
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Fig. 6.17 The spectrum of pressure in impeller blade
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Fig. 6.18 Pressure Bispectrum at pressure side (a) and suction side (b) of impeller at full load

6.3 Intensity of Dipole Sources in Return Channel

In this section, the acoustic effect of the diploes sources in return channel and
diffuser was analyzed. The forces on the surface of diffuser and stay vane cause the
dipole source by flow fluctuations. The data transform was conducted for the dipole
source. Fig. 6.19, 6.20 and 6.21 are the distribution of intensity of dipole sources at
three different frequencies (St=0.143, St=0.6625 and St=1).

It could be found that the impeller passage frequency also plays a remarkable
role in the unsteadiness, which occurs in the return channel suction side in Fig. 6.19.
Although the St=0.6625 was found in experimental and numerical results, but in the
simulation results, the intensity at this frequency was weaker than the intensity at
impeller passage frequency and BPF (Fig. 6.20). Compared with Fig. 6.19 and 6.20, it
could be found that the BPF plays the key role in intensity of the dipole source at full
load, although some other disturbance was detected by experimental and numerical
results such as St=0.6625.
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Fig. 6.20 Intensity of dipole source at St=0.6625 at full load
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Fig. 6.21 Intensity of dipole source at St=1 at full load
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6.4 Conclusions

Through the above analysis, the unsteady flow at design flow rate, which
occurred in return channel, includes several periodic fluctuations. The fluctuations at
St=0.042, St=0.085, St=0.6625 and St=1 were found in this region. The intensity of
these unsteady patterns mainly presents to be strongest near hub. By the analysis both
in time and frequency domain, rotating propagation characters were found in some
frequencies, and listed as below:

Table 6.1 Information about the rotating propagation characters at full load

Frequency(St) Rotating | Propagate Direction Speed(wimp) Number of Cells
0.042 Yes Forward 0.073 4
0.085 Yes Backward 0.2 3
1 Yes Forward 1 7
1 yes Backward 1.75 4

Although several periodic unsteadiness were found at full load, based on the
acoustic analysis in diffuser and return channel, it was found that the intensity of
acoustic pressure at BPF plays a critical role in the contribution of intensity of the
dipole sources at full load.

Furthermore, by the pressure analysis in the impeller, it could be found that
although the unsteady disturbance with frequency St=0.6625 occurs in return channel,
this disturbance impacts the pressure field in impeller at full load.
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Chapter 7 Unsteady Flow Patterns at Part Load Conditions

7.1. Unsteady Disturbance in Impeller

Based on the analysis in the previous chapters about experiment and numerical
simulation, the peak of St=0.6625 in frequency domain, which is detected in a wide
flow rate range, even at full load condition, is proven to be caused by a periodic
unsteady flow which occurs in the return channel.

Meanwhile, with the decrease of flow rate, another nonlinear frequency
component at St=0.335 was found in first part of the Q-H instability region. However,
the origin of this unsteady pattern is still unknown.

With the reduction of flow rate, the flow in the impeller starts to be more
non-uniform, several types of unsteady flow patterns may appear in the impeller such
as the jet-wake at the outlet, the flow recirculation, cavitation at the inlet of impeller,
and rotating stall etc. These unsteady patterns are all likely to affect the performance
characteristics, and lead to the saddle-instability region, which appears in the Q-H
curves.

However, for the test pump, it is not sure what really happened with the
reduction flow rate and which kind of unsteady pattern cause the nonlinear frequency
components of St=0335. In order to identify the unsteady patterns at part load
condition, an in-depth analysis is needed by comparing the results of experiment and
numerical simulation.

7.1.1 Qualitative Analysis on the Fluid Status in Impeller

When the flow rate was below the BEP (best efficiency point), with the reduction
of flow rate, the approach flow velocity vector from the outlet of impeller become to
not match with the shape of diffuser inlet. This phenomenon could cause the increased
shock losses and non-uniform distribution of flow at the outlet of impeller and inlet of
diffuser. Additionally, the stalled flow acts like a change in blade profile to which the
streamlines can often adapt. Thus, the streamlines in impeller and diffuser were
illustrated together to help identify the unsteady pattern which occurs in impeller at
part load as shown in Fig. 7.1, 7.2 and 7.3.
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Compared with the flow field at full load condition, a flow separation occurred
on each impeller suction side at 0.674 Qpes (Fig. 7.1). The separation started at the
shroud of blade suction side. The separation gradually weakened from shroud to hub,
propagated downstream along the impeller suction side, and was dissipated around the
mid span finally.
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Fig. 7. 2 Streamlines at different cross sections of impeller and diffuser at 0.630 Qpes
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At this condition, at the outlet of the impeller and the inlet triangle area of
diffuser, flow separations, recirculation and vortices were all found. The separations
blocked some diffuser channels on the cross section near the shroud. Additionally, the
wake was found near the trailing edge of impeller blade suction side at the cross
section near the hub.

With the reduction of flow rate, the flow separations, recirculation and vortices
near the outlet of impeller were more remarkable at 0.630 Qpes, and the flow status in
impeller was summarized as below:

Flow separations occurred at the leading edge of each blade suction side near the
shroud, propagated along the blade to the downstream, and gradually weakened from
shroud to hub.

Near the outlet of impeller, a wake-jet pattern has been found at the trailing edge
of impeller blade, and it weakened from hub to shroud. Additionally, a recirculation
has been detected in the inlet area of diffuser at the cross section near shroud. It was a
joint working of two different unsteady patterns in the diffuser, which were marked
by letter A, and B in Fig. 7.4. A is the unsteady flow near the inlet of diffuser, and B
is the dramatic unsteady patterns which flow back from the return channel. With the
development of these unsteady flows, they mixed together and caused blockage near
the throat of adjusted vane.
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Fig. 7.3 Streamlines at different cross sections of impeller and diffuser at 0.583 Qpes
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Fig. 7.4 Part of flow field at near shroud cross sections at 0.674 Qpes

With the further reduction of flow rate, the flow in the impeller becomes more
uneven as shown in Fig. 7.3 at 0.583 Qpes. The unsteady flow near the trailing edge of
blade became stronger. Furthermore, near the impeller inlet, two flow separations
appear at the suction side in some channel and block the inlet of impeller blade
channel near the shroud. Combined with Fig. 7.5, it could help to understand the
development of the flow field in impeller. At the blade suction side, the flow
separation and wake were more severe with the reduction of flow rate. With the
development of the wake and the flow separation, they mixed together on some cross
sections around the middle of blade.
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Fig. 7.5 Stream plots at different cross sections of impeller and diffuser at 0.583 Qpes
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(b) Time record: 1s
Fig. 7.6 Distribution of Cpirms in impeller at 0.583 Qpes

In order to identify the time scale of these unsteady flows in impeller, the root
mean square of the pressure coefficient for different time records (0.1s and 1s) were
calculated, and the distributions of Cpirms in impeller at 0.583 Qoes Were shown in Fig.
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7. 6. It is indicated that the distribution of Cpirms In the blade channels were even in
different time records. Near the inlet of impeller, the distribution of Cpirms IS Uneven in
the time records 0.1. With the increasing of the time record, the distribution became
even in the inlet when the time record is 1s. Thus, although the instantaneous flow in
the impeller became more intense, the unsteady flows in impeller were periodic.
Furthermore, near the inlet of diffuser, there was a periodic unsteady flow which
frequency is smaller than 10Hz and larger than 1Hz.

7.1.2 Pressure Analysis on the Fluid Status in Impeller

The pressure signals from one impeller blade at 0.584 Qpes Were illustrated in
frequency domain as shown in Fig. 7.7. The obvious peaks were found at St=1.579
due to the rotor and stator interaction. Remarkable peaks were also found below
St=1.579 at the frequencies such as St around 0.34, 0.66 and 0.81 in the most of
pressure monitors. Furthermore, on the leading edge of blade, there were several
peaks smaller than St=1.579. These frequency peaks are discussed in the section
7.1.3.

Suc hub

x10°

—_

[Pa2]
NO(‘J-{A@\OC

0 ) 0 Moniter Point

(a) The pressure on the blade suction side near hub
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Suc mid

[Pa2]

Moniter Point

(b) The pressure on the blade suction side at mid span
Suc shroud

[Pa2]

0 0 Moniter Point

(c) The pressure on the blade suction side near shroud
Pre shroud

Moniter Point

(d) The pressure on the blade pressure side near shroud
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Pre mid

Moniter Point

(e) The pressure on the blade pressure side at mid span

Pre hub

0 & 0 1 Moniter Point

(f) The pressure on the blade pressure side near hub

Fig. 7.7 Auto spectrum of the pressure from the pressure monitors on one impeller
blade at 0.584 Qpes

By the high order analyses, the bispectrum results of pressure monitors in one
blade at mid span were shown in Fig 7.8. It could be found that, except St=1.579 and
fir, non-linear frequency components (St=0.34 and St=0.81) were found in the suction
side of blades. The main component is St = 0.34 on this side which appear in most of
the monitors. For St=0.81, it appeared near the trading edge.

In the pressure side of blade, St=0.81 was the main non-linear frequency
component and St=0.41 (about half of St=0.81) was the second non-linear frequency
component from the trailing edge to the throat area of blade. As the monitors closer to
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the leading of blade, the intensities caused by St=0.81 and St=0.41 reduce and St
around 0.34 become the strongest component as shown in Fig. 7.8 (0) Pre27.

Bispectrum estimated via the indirect method

%0 010203040506070808 1 11121314151617 1819 2
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Bispectrum estimated via the indirect method 10 Bispectrum estimated via the indirect method x10

(h) Suc 28 (p) Pre 28

Fig. 7.8 Pressure Bispectrum at pressure side (a) and suction side (b) of impeller at 0.584

Q Des

In the last chapter, it is indicated for the non-linear frequency component around
0.344, the corresponding St in static frame is around 0.6625. At the same time, the
absolute St Number for 0.81 was calculated by Eq. (6-7): the number of modes m,
matching Streiative~0.81, was 8, and the corresponding Stabsolute IS around 0.335.

The intensity of the fluctuation (St=0.3325 in rotating frame) which changes
with the location of monitor at 0.584 Qpes, Was drawn in Fig. 7.9. It is indicated that
the trend of this amplitude both on the pressure and on suction side matches exactly
with the development of the flow separation which inception occurs near the throat of
the blade suction. The detail of this flow separation is described as bellow:

The significant amplitudes of this frequency were mainly detected from the
pressure monitors on the blade suction side (Fig. 7.9 (a)). The reason for this result is
that a flow separation occurs at the throat of blade suction side near shroud while the
operating condition falls into the saddle-instability region.

Because the strength of this unsteady pattern is strongest near the shroud cross
section and gradually weakens to hub, the pressure amplitude at the corresponding
frequency is greatest near the shroud.

At 0.584 Qpes, near the leading edge of the blade suction side, with the fully
development of the flow separation, the blockage appears at the inlet of impeller blade
channel near shroud. At this cross span position, the separation occupied the whole blade
channel as shown in Fig. 7.4 (span=0.95), and this is the reason of the high peak value at
St=0.335 near the leading edge of blade pressure side (see Fig. 7.9 (b) shroud point 7).
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(b) Pressure side

Fig. 7.9 Pressure amplitudes of each monitors at St=0.335 in rotating frame on the
impeller blade at 0.584 Qpes

Furthermore, the intensity of the dipole sources in impeller was analyzed. Fig.
7.10 shows the intensity of dipole sources at St=0.335 in the rotating frame and the
high pressure regions on the blade suction side were also in a good accord with the
occurrence position of the flow separation. Thus, the periodic unsteady pattern at
St=0.335 (in the rotating frame) was a small scale of unforced unsteadiness which
incepts at the inlet of blade suction side near shroud. At the same time, this acoustic
distribution also indicates the effect of the unsteady pattern at St=0.335 (in the
rotating frame).
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Fig. 7.10 Intensity of dipole source on the impeller blade surface at St=0.335 in
rotating frame at 0.584 Qpes

The intensity of the fluctuation (St=0.81 in rotating frame) changing with the
different location of monitors at 0.584 Qpes, Was drawn in Fig. 7.11. The distribution
of the pressure amplitude at this frequency was quite the same on these three different
cross span sections. The maximum value of this frequency appeared near the outlet of
the impeller. Meanwhile, Fig. 7.4 indicates that this region occurred severe wake-jet
pattern at this condition. Thus, the frequency peak at St=0.81 was mainly caused by
the wake-jet around the trailing edge of blade. With the propagation to the upstream,
the influence of this pattern weakens gradually.
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Fig. 7.11 Pressure amplitudes of each monitors at St=0.81 on the impeller blade at
0584 QDes

Additionally, the intensity of the diploes sources on this frequency in impeller
was analyzed, Fig. 7.12 shows the intensity of dipole sources at St=0.81. In this
picture, high pressure region appeared near the trailing edge both on pressure and
suction side which was in a good accord with the trend in Fig. 7. 11. And this location
is the wake-jet region of the impeller. Thus, wake-jet near the trailing edge of the
impeller blade caused a pressure disturbance at St=0.81 in rotating frame. The
corresponding absolute St Number was calculated by Eq. (6-7). It is St=0.335 in static
frame which agree with one of the main non-linear frequency components in diffuser
and m=8. Thus, it could be concluded that the disturbance with St=0.335 in the
diffuser may be caused by the wake-jet of impeller.

Pressure amplitude
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Fig. 7.12 Intensity of dipole source on the impeller blade surface at St=0.81 at 0.584
QDes
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7.1.3 Discussion Unsteady Disturbance at the Inlet of Impeller

For the previous study of centrifugal pump with vaned diffuser, with the
reduction of flow rare, recirculation would be found at the inlet of impeller by Peter
Hergt et al (Murakami and Heya 1966, Breugelmans and Sen 1982, Barrand,
Caignaert et al. 1984). With the further develop of the recirculation, cavitation is easy
to occur.

For the test pump, similar frequency distribution has been found on the pressure
monitor Suc39 on each leading edge of impeller near shroud. From Fig. 7.6, it could
be deduced that there was a periodic disturbance with the frequency smaller than fir
occurs at 0.584 Qoes. By the pressure analysis in frequency domain, it indicated that
there were five peaks (St around 1.1, 1.2, 1.3, 1.4 and 1.5) on the leading edge of
impeller near shroud at 0.583Qpes as shown in Fig. 7.7 (c).

By the high order analyses as shown in Fig. 7.13, it is indicated that the St
around 1.2 is a non-linear frequency component in the leading edge near shroud.
Calculated by Eq. (6-7), the absolute St Number for St=1.2 is 0.1 (7Hz), the
corresponding m is 9. And the conclusion was agreed with the conjecture from Fig.
7.6.

By the high order analyses as shown in Fig. 7.13, it is indicated that the St
around 1.2 was a non-linear frequency component on the leading edge near shroud.
Calculated by Eq. (6-7), the absolute St Number for St=1.2 is 0.1 (7Hz), the
corresponding m is 9. In addition, the conclusion was agreed with the conjecture from
Fig. 7.6.

The intensity of dipole sources at St=1.2 on the impeller blade was showed in
Fig. 7.14, the high acoustic pressure regions in this picture highlight the location of
this unsteady disturbance. In this condition, on the leading edge of blade, the region
impacted by this disturbance was not very large.

With the further reduction of the flow rate, the recirculation at the inlet of
impeller would develop, the rotating cavitation may occur which would make a
positive slop of Q-H curve (Tsujimoto, Kamijo et al. 1993, Hashimoto, Yoshida et al.
1997, Tsujimoto 2001, Friedrichs and Kosyna 2002, Franc, Rebattet et al. 2004, Iga,
Nohml et al. 2004) . Meanwhile, in this case, the local dent is found in the Q-H curve
around 0.4 Qoes Which is likely caused by the abrupt change in this flow pattern.
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Bispectrum estimated via the indirect method

0 010203040506070809 1 111213141516171819 2
St

Fig. 7. 13 Pressure Bispectrum at leading edge of impeller blade (Point Suc 29) at 0.584
QDes
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Fig. 7.14 Intensity of dipole sources at St=1.2 in impeller at 0.584 Qpes

118



Flow Patterns Causing Saddle Instability in the Performance Curve of a Centrifugal Pump with Vaned Diffuser

7. 2 Unsteady Disturbance in Return Channel

7.2.1 Contributions of Each Component to the Instability of Q-H Curve

By the comparison of Q-H curve of impeller and whole pump, it is found that the
head of impeller was hardly impaired during this instability region (Fig. 7.15),
although several kinds of unsteadiness occurred in the impeller bellow this critical
flow rate 0.7 Qpes. For the losses of return system as shown in Fig. 7.16, a positive
slop appeared around 0.63 Qpes Which is before the turning point of the head of whole
pump. Thus, in this saddle instability region, the head of the whole pump is likely to
be greatly affected by the unsteadiness in the return system.
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Fig. 7.15 Performance curve of test pump by simulation

H AReturn sys!em/H DES
0.350 -

0.300 - 0.307

0.245

0.250 - 0.249
0.226
0.200 -

Losses in return system
0.150 -

0.100 - 0.107

0.050

Q/QDES

0.000 T T T T :
0.4 0.5 0.6 0.7 0.8 0.9 1 11

Fig. 7.16 Head losses in return system by simulation
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The distributions of Cpisav in the return system at 0.63Qpes Were presented in one
impeller revolution in Fig. 7.17. It could be found that the most intense pressure
fluctuation was at the inlet of the diffuser and near the shroud.
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Hub Mid Shroud

Fig. 7.17 Standard deviations of pressure in return system at 0.63 Qpes

For the frequency analysis of pressure intensity, it is also found that the high
pressure regions were mainly located at the inlet of the diffuser near shroud at the
main peak frequencies (St=0.335, St=0.6625 and St=1). In addition, the intensity of
pressure in return channel at these frequency is far smaller than that in diffuser as
shown in Fig. 7.18.

510,335 $1=0,6625 st=1
04 04 04 5.50407

03/
02/

01}

(a) Hub (b) Mid (¢) Shroud

Fig. 7.18 Pressure distribution in return system shroud at St=0.335, St=0.6625 and
St=1 at 0.583 Qpes

Therefore, for the instability of Q-H curve during 0.45 to 0.7 Qpes, the
unsteadiness in diffuser especially at the inlet region of diffuser would play an
important role. At the same time, due to its location, the flow in this component would
be influenced by the disturbance both from upstream and downstream. As for the
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disturbance from upstream, it is discussed in section 7.1 and the disturbance in return
channel would be analyzed in this section.

7.2.2 Frequency Analysis of Pressure on the Cross Section at 0.583 Qpes

In order to highlight the distribution of the pressure intensity at different
non-linear frequencies in return channel. The colour bar of the pressure amplitude was
amplified compared with Fig. 7.18, and the pressure distribution at St=0.335 and
St=0.6625 were shown in Fig. 7.19 and 7.20, respectively. The locations of the high
pressure regions were quite similar at these two frequencies at this condition.
Compared with the corresponding pressure distribution at full load (Fig. 6.4), it could
be found that the increase of pressure intensity at St=0.6625 was small, while the
locations of the high pressure region are different.

For the full load, the high pressure regions at St=0.6625 mainly located on the
suction side near the U shape corner, and was strongest near hub. But at 0.583 Qpes,
the location was closer to the diffuser. For the intensity of pressure, it was stronger
near shroud than hub.
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Fig. 7.19 Pressure distribution in return system on different crosswise at St=0.335 at 0.583 Qpes
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Fig. 7.20 Pressure distribution in return system on different crosswise at St=0.6625 at 0.583 Qpes
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7.2.3 Leakage between Adjusted Vane and Its Corresponding Stay Vane at 0.583 Qpes

Since the high pressure regions at St=0.335 and 0.6625 were close to the leading
edge of stay vane, it is deduced that the flow in the leakage between adjusted vane
and the corresponding stay vane would be complex and may contains strong
fluctuation of St=0.335 and 0.6625. The leakages of each channel were monitored,
and its time wave was shown in Fig. 7.21. Due to the limitation of calculated impeller
revolutions, it is difficult to find rotating characters in this time wave. But five cells
were found in the peripheral direction of the gap of diffuser and return channel. In the
frequency domain, obvious peaks could be found at St=0.335 and St=0.6625 in some
channel on the frequency domain as shown in Fig 7.22.
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Fig. 7.21 Time wave of the instantaneous leakage of each diffuser channel to the
adjacent return vane channel at 0.583 Qpes
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Fig. 7.22 Auto spectrum of leakage from return vane channel 7 at 0.583 Qpes
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7.3 Unsteady Disturbance in Diffuser

For the analysis in section 7.2.1, it revealed that the unsteadiness in the diffuser
has a great influence on the saddle instability of Q-H curve during 0.45 to 0.7 Qpes.
Meanwhile, the experimental analysis indicated that the main non-linear frequency
components in this unstable region were St=0.335 and 0.6625. The aim of this section
is to study the role, which these two unsteady patterns play in the diffuser for the
inception and the development of the instability of performance curve.

At full load condition, the unsteady pattern at St=0.6625 on the suction side of
stay vane was detected both by experimental and simulation results. The previous
experimental and numerical results indicate that this disturbance develops and moves
towards to the leading edge of stay vane with the falling flow rate, especially bellow
0.7Qpes. This means that the fluid in diffuser are increasingly affected by the
disturbance of St=0.6625 from return channel with the reduction of flow rate.
Furthermore, the analysis in section 7.1 indicates that the flow separation, which
occurs at the throat of impeller blade suction side, was periodic with the same
frequency of this unsteady pattern.

Additionally, with the reduction of the flow rate, the wake-jet near the trailing
edge of impeller blade became more severe and caused a periodic disturbance with St
around 0.81 in the rotating frame ( St=0.335 in the static frame). Thus, it could be
deduced that the non-linear frequency St=0.335 in the diffuser may be caused by the
wake-jet of the impeller. The further analysis of the unsteady disturbance in diffuser
was conducted in this section.

7.3.1 Pressure Analysis in Diffuser at Part Load

Firstly, the fluid-dynamical unsteadiness in diffuser was highlighted by the
time-frequency analysis both in the experimental and numerical data (Fig. 7.23 and
7.24). The wavelet transforms were featured by a quite constant value in time for the
impeller passage frequency fir (St=0.143) and a pulsating values in time for the
frequency at St=0.6625 and St=0.335 for all the transducers and monitors positioned
in the diffuser blade. A possible explanation for the low BPF amplitude could be the
existence of the unsteady pattern that determined a “natural” manipulation of the
spectral content, lowering the BPF intensity (Tsujimoto 2001). Moreover, when the
BPF was identifiable, it appears to be pulsating as well as the frequencies of the

unsteady pattern.
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In order to highlight the features of circumferential propagation, the
cross-correlation analysis has been carried out for the monitor points on adjacent
blade. Figure 7.25 shows the cross spectrum of between the monitor D03 on diffuser
vane 6 and 7. Except the peaks at BPF, impeller passage frequency and its harmonic,
the peaks at St=0.335 and 0.6625 were detected.

1.4

Fig. 7.23 Wavelet magnitude |Wn| of point 4 in the diffuser vane for 0.674 Qpes by
experiment

0
0.70809 1 1.11.2131415161.71.81.9
time [s]

Fig. 7.24 Wavelet magnitude |Wn| of point 4 in the diffuser vane for 0.674 Qpes by
simulation
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Fig. 7.25 Cross spectrum between P3 on blade 6 and blade 7
7.3.2 Analysis of Velocity in Diffuser at Part Load

At same time, at for 0.674 Qpes, five distinct stall cells can be identified in the
diffuser. The progression of a stall cell from one channel to the next was shown in Fig.
7.26. Figure 7.26 shows the separated flow in the channel between vane 1 and vane 2,
which induced the stalled flow in the corresponding return channels.

Due to this stalled flow, the pressure in the area between vane 1 and 2 and the
corresponding stay vanes rises. Additionally, the flow from the impeller circumvents
the stalled vane channel, leading to higher flow velocities and thus lowers pressure in
the neighbouring channels. This pressure rise leads to a secondary flow from this area
to the neighbouring channel, showing lower pressure due to the higher flow velocity
induced by the increased relative vane channel flow rates. In the following phases the
flow around the trailing edge of the vanes 2 triggers a flow separation into channel

Fig. 7.26 Vector plot sequence in the diffuser channel closer to the shroud for
0.674 QDes
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between vanes 2 and 3, causing the progression of the stall cell into the diffuser.

Meanwhile, in the gap of impeller and diffuser, small vortices are caught
sometimes near the leading edge of stay vane pressure side on the cross section near
the shroud (Fig. 7.27). With the falling flow rate, this kind of vortices develops,
highly non-uniform velocity distribution prevails in the gap and the blockage became
to appear.

Fig. 7.27 Streamlines in diffuser at 0.674 Qpes

An instantaneous state of the streamlines in diffuser at a certain moment was
shown in Fig. 7.28. In this figure, it indicated that the distribution of velocity in the
triangle area of the inlet of diffuser near shroud was more severe with the further
falling flow rate from 0.674 to 0.583 Qpes. Moreover, the blockage was found at gap
between impeller and diffuser near the shroud at 0.583 Qpes.
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Fig. 7.28 Streamlines in diffuser at 0.674 Qpes, 0.630 Qpes and 0.583 Qpes

The frequency analysis of the velocity in return system highlight the trend of the
amplitude of velocity at St=0.335 and 0.6625 in diffuser which get by the
experimental results (Fig. 29 and Fig.30). As shown in the pictures, for these two
frequencies, it could be found that there were several high amplitude regions in the
gap of impeller and diffuser near the hub. Closer to the shroud, these regions became
to be smaller and some were disappeared near shroud where the blockage was severe.
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Thus, it could concluded that the mixture by the disturbance with St=0.335 and
0.6625 would be increase of the amplitude at these two frequency firstly. However,

[m?s]

St=0.6625

= (a_)Hljk_) T ey o (E)) M;d a 2 m as 4T ey (E) sr..”oué
Fig. 7.29 Velocity distribution at St=0.6625 on different crosswise spans by simulation 0. 583 Qpes

with the development of the mixture, it would cause blockage in some parts. In the
region of blockage, the corresponding amplitudes did not increase but reduced.
Meanwhile, it also resulted in the drop of the mean pressure at the exit of the impeller.
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Fig. 7.30 Velocity distribution at St=0.335 on different crosswise spans by simulation 0. 583 Qpes

7.3.3 Analysis on the Trend of Amplitude of Pressure at St=1

The pressure at the inlet of diffuser near the shroud was analyzed to highlight the
impact of this blockage to pressure fluctuation. The monitor points were set at the
middle of inlet of each diffuser vane channel near shroud. The cross-correlation
analysis of the monitor points between adjacent vane channels was conducted. In
some channels, an interesting result appears as shown in Fig 5.3. It presented the cross
spectrum of the monitors in channel 8 and channel 9 at the flow rate of 0.630 Qpes and
0.583 Qpes. Compared with the cross spectrum at 0.630 Qpes, all the amplitudes at
impeller passage frequency, St=0.335 and 0.6625 reduce while the intensity of BPF
(St=1) increases dramatically at 0.583 Qpes.
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Fig. 7.31 indicates the velocity plots near shroud, the flow field in the gap of the
impeller and diffuser near shroud was quite uneven. The blockage in this area
aggravated the rotor and stator interaction and caused the higher pressure amplitude at
BPF. The pressure distributions at BPF validate this conclusion (Fig. 7.32).

.4 .4
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Fig. 7.32 Pressure distribution in return system on different crosswise at St=0.1 at
0584 QDes

7.4 Conclusions

Through the above analysis, with the reduction of flow rate, the velocity and
pressure distribution in impeller, diffuser and return channel were all gradually
unstable. And the unsteady disturbances in these components during the saddle
instability region 0.45-0.7 Qpes were summarized as bellow.

1. For the impeller, with the falling of the flow rate, there were two main
unsteady patterns, which were found near the critical point of 0.6Qpes. The first one
was the flow separation that occurs on the suction side of impeller blade. The location
of this separation was near the throat of blade and strongest near shroud. It was a kind
of periodic disturbance with the frequency at St around 0.335 in the rotating frame

and the corresponding absolute St Number was 0.6625 with the mode m=7 in the
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static frame. Furthermore, this characteristic frequency agrees with the frequency of
the unsteady disturbance that was found in the return channel even at full load
condition.

At the same time, the wake-jet pattern around the trailing edge of impeller blade
also became more severe with reduction of flow rate. And by the frequency analysis,
it indicated that it caused a periodic disturbance with frequency at St around 0.81 in
the rotating frame and the corresponding absolute St Number was 0.335 with the
mode m=8 in the static frame.

Furthermore, when the flow rate reduces to the critical flow rate of 0.6 Qpes, a
recirculation was found at the inlet of impeller near shroud and the frequency is 7Hz.

2. In the return channel, for the unsteady disturbance with St=0.6625, the
increase of pressure intensity at St=0.6625 was weak with the reduction of flow rate,
while the locations of the high pressure region were closer to the inlet of return
channel along the suction side of stay vane. Meanwhile, for the intensity of this
pressure, it was stronger near shroud than hub.

Except this disturbance, another disturbance with St=0.335 was found in the
return channel, and the location and intensity was quite similar to St=0.6625.

3. In the diffuser, the flow field would be more complex due to the influence
from the disturbance from impeller and diffuser. With the falling of flow rate, in
diffuser there were local flow separations due to the reduction of flow rate. At the
same time, by the frequency analysis, it is indicated that the flow in diffuser was also
mainly impacted by the wake-jet of impeller (St=0.335) and the unsteady patterns
(St=0.6625) from return channel.

The slop of Q-H curve in this saddle instability region was mainly caused by the
unsteady flows at the inlet area of the diffuser. When the mode pump operated into
the saddle instability region, two different flow separations were mixed in this region.
Moreover, the mixture would be increase of the amplitude at St=0.335 and 0.6625
firstly. However, with the development of the mixture, it would cause blockage in
most of the gap between impeller and diffuser near shroud at 0.583 Qpes. This
blockage would reduce the intensity at St=0.335 and 0.6625 and increase the intensity
at BPF.
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IV Conclusions

Chapter 8 Conclusions and Perspectives

8.1 Conclusions

For the variable requirements of energy production and consumption, a wide
head range is desired for modern pump turbine operation. The reversible pump
turbine at pump model could be seen as a centrifugal pump with vaned diffuser. In
order to get a wider stable head range, the performance curve instabilities or sudden
deviation from the expected smooth performance curves should be avoided.

In the present study, the analyzed pump-turbine is a low-pressure stage of a two
stages pump-turbine on pump mode. On the performance curve of the test pump, a
hump instability region has been detected bellow design flow rate. between 0.45 to
0.70 Qpes, Whereas below 0.40 Qpes the head increases due to the effect of fully
developed inlet recirculation. The stable operation range of the pump is restricted by
the saddle instability between 0.45 to 0.70 Qpes. The aim of this investigation was to
analyze the characteristics instabilities during the saddle instability region (0.45 to
0.70 Qoes), study the development of the unsteady phenomena, and find the causes of
this instability region which could guide the design and optimize the pump.

An Open Turbomachinery Facility (OTF) has been improved to conduct the
experimental research about the unsteady flow in the test pump. A program has been
written to realize the function of pressure data acquisition and post-analysis based on
Labview and Matlab. In this study, the characteristics of dynamic pressure signals in
frequency domain and time-frequency domain have been analyzed combined with the
higher order spectral analysis method to diagnose the type of the unsteady structure in
centrifugal pump with vaned diffuser.

In order to analyze and describe the movement in flow passage between vanes in
diffuser and return channel qualitatively, high-speed flow visualization has been
performed using Photron FASTCAM PCI digital camera.

In this research, numerical simulation has been carried out both on the flow field
and the relative acoustics field. The effect of leakage flow on the fluid flow would not
be considered to be negligible in this research. Meanwhile, a leakage system was used
to model the leakage inner pump. The distribution of the velocity at the boundary of
leakage was set as a boundary condition in the flow field simulation by ANSYS-CFX.
The intensity of dipole sources caused by the surface pressure has been predicted by a

hybrid method through the ANSYS-CFX and LMS Virtual. Lab Acoustics.
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It is found that the leakage system adopted to model the effect of leakage flow in
pump was of a reasonable performance. Thus, the simulation of the flow field in this
research could be used as some reliable results to help understand the features of the
flow in pump at different flow rates. In this study some conclusions from the
comparison between experimental and numerical calculation were listed as below.

1. At full load condition:

Through the above analysis, the unsteady flow at full load, which occurs in
return channel, includes several periodic fluctuations. Both the forced fluctuation
caused by impeller rotating (such as BPF) and the unforced fluctuation at St=0.6625
were obvious. At the same time, some obvious rotating propagation characters were
found at frequency St=0.042, St=0.085 and BPF. And the intensity of these unsteady
patterns mainly presents to be strongest near hub.

Although several periodic unsteadiness were found at full load, based on the
acoustic analysis in diffuser and return channel, it is found that the intensity of dipole
sources at BPF plays a critical role in the contribution of the dipole sources at full
load.

2. At part load instability region:

With the flow rate falling into the saddle instability region, several types of
unsteady flow were found in impeller, diffuser and return channel. And they were
summarized as bellow:

In the impeller, two main different flow patterns were found in this flow rate
interval. One is the flow separation occurred on the suction side of impeller blade and
its location was near the throat of blade and strongest near shroud. It was a kind of
periodic disturbance with the frequency at St 0.6625 which agree with the frequency
of the unsteady disturbance found in the return channel even at full load condition.
The other one was wake-jet of impeller with frequency at St 0.335. Furthermore,
when the flow rate reduces to the critical flow rate 0.6 Qpes, recirculation with
frequency 7 Hz has been found at the inlet of impeller near shroud.

It is indicated that these disturbances hardly impaired the head of the impeller,
but exacerbated the uneven distribution of velocity in the inlet triangle region of
diffuser. It plays a remarkable role in the trend of head losses in diffuser.

At the same time, in the return channel, the unsteady disturbance with
St=0.6625 still exist, but the growth of pressure intensity of this disturbance was weak
with the reduction of flow rate, while the locations of this disturbance were closer to
the inlet of return channel along the suction side of stay vane. Meanwhile, for the

intensity of this pressure, it was stronger near shroud than hub. And the periodic
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unforced unsteadiness at St=0.6625 from return channel also impacted the fluid in
diffuser dramatically on this saddle instability of Q-H curve. Except this disturbance,
another disturbance with St=0.335 has been found in the return channel and its
location and intensity were quite similar to St=0.6625.

In diffuser, there were local flow separations due to the reduction of flow rate. At
the same time, by the frequency analysis, it is indicated that the flow in diffuser also
was markedly impacted by the wake-jet of impeller (St=0.335) and the unsteady
patterns (St=0.6625) from return channel. By the experimental results, it has been
found that these two frequencies ware the main non-linear frequency component of
the unsteady disturbances in diffuser. Meanwhile, the disturbances at these
frequencies propagate circumferentially. The one at St=0.6625 has 5 cells which
could be found in diffuser at full load and most part load conditions. The other one at
St=0.335 has 2 cells and this disturbance only appeared in the first part of the saddle
instability region from 0.6 to 0.7 Qpes.

By numerical results, it is indicated that, in diffuser, with reducing of flow rate,
two kinds of unsteady patterns at frequency St=0.6625 and St=0.335 mixed in the
inlet triangle region of diffuser and caused a blockage at the gap between impeller and
diffuser near shroud. At the beginning of this instability region, the recirculation at
inlet of diffuser is the exchange of momentum, which means that the head increases.
While with the further development of the mixed flow, the interaction of the
fluctuation at St=0.6625 and St=0.335 became more severe and lead to more energy
loss. That is the reason for the pressure amplitude drop at these two frequencies at
0.584 Qpes. By analogy, the energy loss would increase and bring about the drop of
head during the fully development of blockage at the gap. This can explain why the
positive slope of Q-H curve appears around 0.6 Qpes. Meanwhile, the blockage caused
by the mixed flow could be the reason for the drop of the mean variation pressure at
the outlet of impeller.

8.2 Perspectives

The research, which has been started in this work, does not finish here. Some
aspects have to be studied in-depth, and more other consideration have to be taken
into account in the further study.

1. As regards the unsteadiness identified in the diffuser that significantly affected
the Q-H curve, the techniques for reducing their intensity need to be developed in the
future work. Since the unsteadiness mainly impacted by the disturbance at St=0.335
which is caused by the wake-jet of impeller and the other disturbance at St=0.6625
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from the return channel, the future research could proceed in two directions to
improve these unsteady patterns in the impeller or the return channel.

2. For the experimental investigation, the high-speed visualization in this
research was only applied in a quantitative analysis, and the post processing method
need to be improved, in order to apply more useful information for the quantitative
analysis in the next step.

3. Meanwhile, due to the detection of recirculation at the inlet of the impeller, the
development of this recirculation should be studied with the further reducing of the
flow rate in the next step both by experimental and numerical study. It would play an
important role for the second saddle instability region on the Q-H curve.

4. The unsteadiness inner pumps at part load, which we are focused on, changes
with the time and maybe develops with the time, due to the limitation in the
computing time, resource and model, some features of the unsteadiness were not
captured in this study such as the propagation at circumferential direction at St=0.335
and 0.6625. More work need to be done in the future to improve this problem.

5. Last but not the least, the research on the flow-induced noise caused by the
unsteadiness was in the beginning. Only the intensity of dipole sources has been
considered in this study. With the development of the unsteady flow, more attention
should be placed on the effect of the monopole sources and the quadrupole sources.
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