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Preface

The doctoral thesis “Experimental studies on the energetic and cavitational functioning of
variable speed centrifugal pumps coupled in parallel” contributes to improving the operation of
pumping stations. The topic is of great interest in drinking water supply systems, as well as other
hydraulic networks/systems in power plants and other industrial or irrigation objectives.

The chosen topic is not accidental: We identified the actuality of the topic and the
opportunity to study it in the professional activity that | have been doing for over 15 years in
energy engineering. | started my career in 2006, as an energy technician in the production and
supply of electricity to a company in Campina, the main responsibility being the operation of
micro hydropower plants. | then continued, until September 2010, as an electronics technician, in
the manufacture of instruments and devices for measurement, verification and control at another
company in Campina. After this first contact with the energy industry, in October 2010, | started
my university studies at the Faculty of Energy at the University POLITEHNICA in Bucharest
(UPB), where | graduated the Bachelor of Science in hydropower in July 2014. And in June
2016 | graduated from the Master’s degree program in Hydraulic technique and hydropower.

At the end of the third year of undergraduate studies, | did the 3-month internship at S.C.
Multigama Tech s.r.l. in Bucharest, where | was initiated in the installation of pumps, revisions,
repairs and maintenance of pumping equipment. After the internship, | continued the
collaboration with the respective company, and since October 2014, | was hired as project
manager at S.C. Multigama Tech. Since January 2016, | became a project manager at S.C.
Multigama Service s.r.l. in Bucharest, a company where | still operate today, in the sector of
pumping stations, water supply (drinking water, cooling water, technological water) and pumps
in the energy and chemical industry. For more than 6 years, | have been responsible for
maintenance contracts, | am in charge of organizing, planning and coordinating the entire
process of commissioning and service/repair of pumps under warranty and post warranty,
technical assistance and technical support, respectively | coordinate the work on the site.

Since October 2016, | became a PhD student at the UPB Doctoral School of Energy
Engineering, under the guidance of prof. dr. eng. Sanda-Carmen Georgescu. In choosing the
doctoral topic, | took into account the problems identified so far in the pumping stations in the
country, namely the concrete situations encountered in situ, namely the fact that many pumping
stations are misdesigned, the pumps do not operate at the designed capacity and/or cavitate, the
pumps are incorrectly fitted and the electricity consumed for pumping is far too high. We have
also encountered totally unfavorable situations in which the pumps are incorrectly mounted in
the installation and, in addition, work with cavitation, which leads very quickly to vibration
amplification and destruction of the bearings and rotors of the pumps.

Therefore, based on professional concerns at work, | chose to study at the PhD the
energetic and cavitational operation of variable speed centrifugal pumps coupled in parallel, this
coupling mode being the most used in pumping stations.



In order to justify the importance of the chosen theme, in the introductory part of the
thesis, we presented in detail a case study, corresponding to the irrigation pumping station from
Seimenii Mici (north of Cernavoda) — a modern pumping station, put into operation in 2015,
respectively completely destroyed in 2017, due to poor design, but also to the ignorance of the
operating staff.

For the study of the energetic and cavitational operation of pumps, we designed, built and
commissioned an experimental stand in the Laboratory of Hydraulic machines (room Ela 022) in
the Department of Hydraulics, Hydraulic machines and Environmental Engineering, UPB. The
main components of the stand were obtained through sponsorship from companies, Multigama
Tech, Multigama Service and Valrom.

| emphasize that | have conducted this experimental stand and have conducted all the
experimental trial campaigns in collaboration with my colleague, PhD. Remus Alexandru
Madularea, who also completed his doctoral thesis [Mdadularea, 2023] under the guidance of
Professor Georgescu. The two doctoral theses were carried out in parallel and completed each
other, so each thesis contains different sets of experimental trials, as appropriate, with or without
the corresponding numerical modeling.

As | will show in this doctoral thesis, the experimental stand made allows the
performance of the energy and cavitational tests of 3 multi-stage centrifugal pumps, driven with
variable speed, coupled in parallel in a pumping station framed in a closed circuit hydraulic
installation. In order to simulate the operation of the stand under a variable water requirement,
we have provided and installed 3 final consumers on the discharge circuit of the pumping station.
The experimental stand was equipped with measuring devices and an automation and control
panel with HMI (Human Machine Interface). The stand control has been designed within the
thesis to enable the operation of the pumps in the pump station (start/stop and change in their
speed) to be controlled according to the pressure level recorded in one of the two monitoring
nodes provided on the discharge bus, namely: a node located at the outlet of the pumping station,
i.e. a node located at a distance from the pumping station, immediately downstream of the final
consumers.

In the doctoral thesis, through the experimental study undertaken on the above-mentioned
stand, | highlighted the influence of the suction circuit on the proper functioning of a pumping
station that supplies a water supply network. Thus, we analyzed the problems that the energy and
cavitational operation of variable speed turbo pumps puts in the operation of pumping stations
and made conclusions about improving their operation.



1. Introduction

1.1. Structure of the doctoral thesis

The topic of this doctoral thesis is aimed at improving the operation of pumping stations,
the focus being on avoiding cavitation (or diminishing the effects of cavitation), respectively on
reducing the consumption of electricity for pumping. As will be shown below, the conclusions
can be applied mainly in drinking water supply systems, but can also be extended to irrigation
hydraulic circuits/systems, power plants, and other industrial objectives.

The thesis is structured in 5 chapters, the content of which is outlined in Figure 1.1. At
the end of the thesis are the general conclusions and perspectives of the research, the list of

original contributions, as well as the list of bibliographic references.
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1.2. The current state of research in the field of energy and

cavitational operation of pumps

In this chapter we analyzed the current state of research in the field of energy and
cavitational operation of pumps, according to the following 10 criteria of study differentiation:

» Al. Cavitation operation of the pump/pumps (blue background) | or operation with air
in the installation (yellow background);
« A2. Cavitation-free operation of the pump/pumps;
 A3. The pump(s) operate at constant speed;
« A4. The pump(s) operate at variable speed;
« A5. Only one pump is installed in the installation;

» A6. The pumps are coupled in parallel;

 A7. The application refers to an experimental pumping installation;
+ A8. The application refers to pumping stations from water supply systems or irrigation;

« A9. Theoretical study (mathematical modeling) and/or use of specialized software;
« A10. Method/strategy for regulating (controlling) the operation of the pumps.

Table 1.1 lists the relevant works that | have identified in the literature and which | have
managed to access for each work, the met criteria are marked, among the ones listed above:

Al1+-A10.
Table 1.1. Summary of the content of selected bibliographic references

Nr. | Reference cited [author, | rq | Ay | A3 | ad | A5 | A6 | A7 | A8 | A9 | Al0
crt. | year of publication]

1 | Al-Arabi, 2010 X X X X X

2 | Al-Arabi & Alsalmi, 2017 X X X X

3 | Al-Arabi & Selim, 2009 X X X X

4 | Al-Hashmi, 2008 X X X X

5 | Al-Hashmi et al., 2004 X X X X

6 | Al-Obaidi, 2019 X X X X X

7 | Anton Alin et al., 2019 X X X X X

8 | Azizietal., 2018 X X X X X

9 | Berardietal., 2015a X X X X X X X
10 | Berardi et al., 2015b X X X X X X X
11 | Berardi etal., 2018 X X X X X X X
12 | Birajdar et al., 2009 X X X X

13 | Borges G., 2012 X X X X

14 | Brennen, 2016 X X X

15 | Brennen & Braisted, 1980 X X

16 | Bricefio et al., 2019 X X X X X X X
17 | Bricefio-Leodn et al, 2021 X X X X X X X
Nr. | Reference cited [author, Al | A2 | A3 | A4 | A5 | A6 | A7 | AB | A9 | A10




crt. | year of publication]

18 | Brogan et al, 2016 X X X X X

19 | Capponi et al, 2014 X X X X

20 | Chini et al, 2005 X X X X

21 | Chudina, 2003 X X X X

22 | Cimorelli et al, 2020 X X X X X

23 | Ciuc, 2014 X X X X X X X

24 | Ciuc, 2016 X X X X X X X X

25 | Cowan et al, 2013 X X X X X

26 | Dadar et al, 2021 X X X

27 | Darweesh, 2018 X X X X X X

28 | de Abreu Costa et al, 2018 X X X X X

29 | Dong et al, 2019 X X X X

30 | Draghici et al, 2017 X X X X

31 | Draghici et al, 2016 X X X X

32 | Dunca et al, 2008 X X X X

33 | Fuetal, 2015 X X X X X

34 | Georgescu A.-M., 2017 X X X X X

35 Georgescu A.-M. et al, X X X X X X
2014a

36 | Georgescu A.-M. et al, 2015 X X X X X

37 | Georgescu A.-M. et al, 2007 X X X X X

38 Georgescu A.-M. et al, " x x x " "
2014c

39 | Georgescu A.-M. et al, 2017 X X X X X X

40 Georgescu S.-C. & X X X X X
Georgescu A.-M., 2015

41 | Georgescu S.-C. et al, 2015 X X X X X X X

42 | Georgescu S.-C. et al, 2010 X X X X X

43 | Giustolisi et al, 2016 X X X X X X

44 | Giustolisi et al, 2011 X X X X X X X

45 | Giustolisi et al, 2008 X X X X X X

46 | Giustolisi & Walski, 2012 X X X X

47 | Gomes et al, 2011 X X X X

48 | Guo et al, 2021 X X X X X

49 | Guo et al, 2020 X X X X X

50 | Guptaetal, 2013 X X X X

51 | Horowitz et al, 2006 X X X X X X X X

52 | Jensen & Dayton, 2000 X X X X

53 | Kaya & Ayder, 2017 X X X X X

54 | Kotb & Abdulaziz, 2015 X X X X X X

55 Lamaddalena & Khila, « « X « %
2012

56 | Laucelli et al, 2016 X X X X X X X

57 | Li & Baggett, 2007 X X X X X X

58 | Loucks & van Beek, 2017 X X

59 Mahaffey & van Vuuren, X «
2014

Nr. | Reference cited [author, Al | A2 | A3 | A4 | A5 | A6 | A7 | AB | A9 | A10




crt. | year of publication]

60 | Maksimovic & Masry, 2009 X X X

61 | Marchi et al, 2012 X X X X X X

62 | Menke et al, 2016 X X X X X X X

63 | Mishra et al, 2020 X X

64 | Moradi-Jalal et al, 2003 X X X X X

65 | Mousmoulis et al, 2019 X X X X

66 | Muranho et al, 2014 X X X X X

67 | Ng & Brennen, 1978 X X X X X

68 | Oikonomou et al, 2018 X X X

69 | Page et al, 2017 X X X X X X

70 | Page et al, 2019 X X X X X X

71 | Piraianu et al, 2016 X X X X X

72 | Pothof & Clemens, 2011 X X X X X

73 | Pothof & Clemens, 2012 X X X X X

74 | Pothof & Karney, 2012 X X X X

75 | Ross, 2023 X X

76 | Rossman, 2000 X X X X X X X X

77 | Rossman et al, 2020 X X X X X X X X

78 | Salvadori et al, 2012 X X X X

79 | Salvadori et al, 2015 X X X X X

80 | Sethi & Di Molfetta, 2019 X X X

81 | Shankar et al, 2021 X X X X X

82 | Shi, 2013 X X X

83 | Sloteman, 2007 X X X X

84 | Sreedhar et al, 2017 X X X X

85 Swietochowska & X X X X

Bartkowska, 2022

86 gggzlmboh & Templeman, « X X X

87 | Thornton & Lambert, 2006 X X X

88 | Todini, 2011 X X

89 | Todini et al, 2007 X X X X X

90 | Trifunovi¢, 2006 X X

91 | Van Bennekom et al, 2001 X X

92 | Zhang L. & Zhuan, 2019 X X X X

93 | Zhang Z. et al, 2020 X X X X

94 | Wagner et al, 1988 X X X

95 | Wu et al, 2009 X X X X X X X X
Total work oncriteria| 32 | 70 | 55 | 41 | 53 | 35 | 47 | 40 | 62 | 23

Percentage [%] per criterion

of the total of 91 works 34 | 74 | 58 | 43 | 56 | 37 | 49 | 42 | 65 | 24

Table 1.1. it contains 95 scientific papers, which we have selected and analyzed, the
subjects treated in them being directly or related to the topic of the doctoral thesis.




A number of 32 works correspond to criterion Al (pump/pump cavitation operation | air
operation in the installation), of which,

21 works strictly treat the cavitation operation of the turbopomps, and of these:

e Only 5 works refer to variable speed pumps (criterion A4) [Al-Arabi & Selim, 2009; Gupta
et al, 2013; Brennen, 2016; Draghici et al, 2016; Draghici et al, 2017], The remaining 16
works addressing strictly the case of constant speed pumps (criterion A3);

e Only one paper studies the cavitation operation of parallel coupled pumps (criterion A6)
[Al-Arabi & Alsalmi, 2017], i.e. with constant pump speed (A3) drive; The remaining 20
works refer strictly to the isolated operation of the studied pump (criterion A5), and 5 of
these 20 studies correspond to the variable speed pumps (A4) cited above;

e 20 of the 21 works refer to the cavitational operation of pumps in experimental pumping
facilities (criterion A7), and 4 of the 20 also contain theoretical study (criterion A9); a
single work (Salvadori et al, 2012) is strictly theoretical (A9);

7 works deal with the energetic and cavitational functioning of the turbopomps, with an

emphasis on cavitation operation (Ng & Brennen, 1978; Birajdar et al., 2009; Al-Arabi, 2010;

Koth & Abdulaziz, 2015; Azizi et al., 2018; Al-Obaidi, 2019; Guo et al, 2021]; all these 7

studies refer to the isolated operation of pumps (criterion A5) in experimental pumping

facilities (A7); One work (Kotb & Abdulaziz, 2015) refers to variable speed driven pumps

(A4), and the other 6 works refer to constant speed driven pumps (A3); a single work (Kotb &

Abdulaziz, 2015) also contains a theoretical part (criterion A9);

4 works deal with air operation in the installation, namely: A theoretical study (criterion

A9) is related to air accumulation on the pipe section connected to the pump suction flange

(Mahaffey & van Vuuren, 2014), 2 studies address both theoretical (A9) and experimental air

accumulation (Air bags) in sloping pipes (water supply, wastewater transport) and in soda

pipes (Pothof & Clemens, 2011; Pothof & Clemens, 2012], respectively, a study
experimentally treats the air drive in vertical axis pumps, through the vortex formed between

the free surface of the water in the tank and the pump suction (Zhang Z. Et al, 2020]; the 3

experimental studies cited were conducted in experimental pumping facilities (criterion A7),

equipped with a single pump (A5) operated with constant speed (A3).

A number of 70 works correspond to criterion A2 (pump/pump cavitation-free
operation), of which 63 works strictly treat the energy operation of the turbopomps, and 7
works also contain cavitational operation, corresponding to criterion Al (these have been
analyzed and cited previously). Of the 59 remaining works,

41 works refer to variable speed pumps (criterion A4) and 19 of them consider the case of
constant speed pumps (criterion A3); 12 works strictly address the case of constant speed
pumps (A3); 12 of the 59 works do not mention anything about the pump/pump speed, so it
can be added (by default) to criterion A3;

35 works study the energy operation of parallel coupled pumps (criterion A6), and 9 of them
also refer to the isolated operation of the studied pump (criterion A5); 15 works refer strictly
to the isolated operation of the studied pump (A5); 14 of the 63 works do not mention the
operation of the pump/pumps;



e 40 works refer to the operation of pumps in pumping stations (criterion A8), and 4 of them
also refer to experimental pumping plants (A7); 14 works refer strictly to the operation of
pumps in experimental pumping plants (A7); From a hydraulic system point of view, 9 of the
63 works do not comply with criteria A7|A8;

e Of the 18 works based on experimental pumping installations (A7), 15 works also contain
mathematical modeling (criterion A9), and 4 of them also mention the method of regulating
the operation of pumps (criterion A10);

e Of the 36 works based on pumping stations (A8), 31 works also contain mathematical
modeling (A9), and 16 of the 36 also mention the method of regulating pumps (A10).

Among the 63 works analyzed above, which correspond to criterion A2 (pump/pump
cavitation-free operation), we identified 28 studies related to the energy operation of parallel

coupled pumps (criterion A6) and variable speed driven pumps (criterion A4). Of these 28

studies,

e 16 studies consider the constant speed pump drive (A3);

e 21 studies refer to pumping stations (A8), and of these, 2 studies also contain experimental
installation (A7); 19 of the 21 studies corresponding to criterion A8 also contain mathematical
modeling (A9); 13 out of the 21 studies corresponding to criterion A8 also mention the
method of regulating the operation of pumps (A10); the 2 studies attached to criterion A7
do not correspond to criterion A10;

e 7 studies refer strictly to experimental pumping installations (A7), and of these, 5 studies
also contain mathematical modeling (A9); 2 of the last 5 studies also mention the method of
regulating the operation of pumps (A10).

In this thesis, the chosen topic mainly covers the following combination of criteria:
Cavitational (criterion A1) and/or energetic operation (criterion A2) of parallel coupled
turbopomps (criterion AG6), variable speed driven (criterion A4), mounted in experimental
pumping facilities (criterion A7) or in pumping stations (criterion A8), studied including
theoretically (Criterion A9) or ordered based on a method/strategy of regulation (criterion A10).
The combination of the above criteria can be expressed using the logical operators as follows:
ALJA2 & A4 & A6 & AT|A8 & A9 & Al0]

Among the 32 jobs that correspond to criterion Al, we have not identified any studies
related to cavitation operation of parallel coupled (A6) variable speed (A4) pumps. We have
identified only one work [Al-Arabi & Alsalmi, 2017] in which the pumps operate parallel
coupled (A6) with constant speed (A3). Moreover, none of the work in criterion Al refers to
pumping stations (A8), respectively none mentions any method/strategy for regulating the
operation of pumps (A10).

Among the 63 works that strictly deal with the energy operation of the turbopomps
(criterion A2), we identified 17 works in which the pumps are coupled in parallel (A6) and are
driven with variable speed (A4) based on a method/strategy of regulation (A10), of which,

e 13 works [Li & Baggett, 2007; Wu et al, 2009; Lamaddalena & Khila, 2012; Georgescu A.-
M. et al, 2014c; Georgescu S.-C. et al, 2015; Berardi et al., 2015a; Berardi et al., 2015b;




Laucelli et al, 2016; Menke et al, 2016; Georgescu A.-M. et al, 2017; Berardi et al., 2018;
Bricefio et al., 2019; Bricefio-Leon et al, 2021] it refers to pumping stations (A8);

e 4 works [Horowitz et al, 2006; Ciuc, 2014; Brogan et al, 2016; Ciuc, 2016] it refers to
experimental pumping facilities (A7).

Of the total of 17 works cited above, 12 works consider both variable speed drive (A4) and
constant speed pump drive (A3), so only 5 works [Li & Baggett, 2007; Lamaddalena & Khila,
2012; Georgescu A.-M. et al, 2014c; Brogan et al, 2016; Georgescu A.-M. et al, 2017] falls
strictly to criterion A4.

| would like to mention that 2 of the above mentioned works belong to me [Ciuc, 2014 &
2016]. These are the projects for completing the studies, which we have carried out for the
bachelor’s degree (in 2014) and for the dissertation (in 2016). Both projects were based on an
experimental stand that we made and put into operation in 2014, in the Laboratory of Hydraulic
machines in UPB, which we upgraded later, in April 2016.

Following the bibliographic analysis undertaken on the basis of the 95 papers cited in
Table 1.1, it appears that the topic addressed in this doctoral thesis is not covered in these
specialized works on the cavitational operation of parallel coupled pumps, the theme is
insufficiently covered on the energy operation of parallel coupled pumps, ordered based on
a method or strategy for regulating their operation (17 works represent less than 19% of the
total of 91 works analyzed).

Moreover, none of the 95 works analyzed simultaneously deals with both aspects of
the operation of parallel coupled pumps, namely energy and cavitation operation. It is clear
that both aspects must be taken into account simultaneously in order to achieve the correct
operation of the existing pumping stations in water supply systems, irrigation, cooling water,
technological water circuits, etc. in industry. From this point of view, | believe that this thesis
makes a positive contribution in the field studied.

1.4. Case study: Pumping station of the Seimenii Mici irrigation
system (Constanta county)

In this section, the incorrect design of a pumping station was exemplified by a case study,
both on the suction and discharge side, which led to the destruction of the pumping station less
than a year and a half after its commissioning [Georgescu S.-C. et al (Ciuc), 2017b]. The case
study presented below refers to the pumping station of the Seimenii Mici irrigation system in
Constanta County (about 6 km north of Cernavoda town), a semi-buried pumping station with a
dry chamber, equipped with 4 single-stage centrifugal pumps, coupled in parallel, driven with
variable speed. The pumping station (hereinafter SP Seimeni) is part of the irrigation system of
agricultural land in the area: The station is supplied with water from the Danube through a
suction line of about 2.5 km; the discharge bus leads the water to an irrigation system (branched
network) with 10 central pivots, arranged so as to cover as large an irrigable area as possible.



The total (cumulative) length of the sections of the branched network between the Seimeni SP
and the central pivots is about 13.4 km. A maximum of 3 of the 10 pivots can operate
simultaneously [Georgescu A.-M. et al (Ciuc), 2018, Mdduldrea, 2022].

2. Design and execution of the experimental stand

2.1. The experimental stand in the configuration from 2014+2017

In the spring of 2014, at the Laboratory of Hydraulic machines (room ELA022) in UPB,
we made and put into operation the experimental stand in figure 2.1 [Ciuc, 2014]. The basic
component of the experimental stand in Figure 2.1 was the pressure lift system called Hydro-
Unit Utility line [DP pumps, 2012], produced by DP Pumps of the Netherlands (part of KSB
Germany). This pumping station (hereinafter: SP) is equipped with 3 variable speed driven
pumps coupled in parallel by steel pipes and fittings. The cold water supply was made in a
closed circuit from a constant level tank, open at atmospheric pressure. In the stand in Figure 2.1,
the water tank was connected to the SP by pipes and fittings made of white PPR (pipes were very
short in length); a flow control valve was mounted on the discharge pipe before entering the
tank; there was also an insulation valve on the suction line, kept in the normally open position.




Fig. 2.1. The experimental stand configuration during the period 20142017

In 2016, we modernized the experimental stand in Figure 2.1 [Ciuc, 2016]: More
specifically, we installed display interfaces on the Danfoss frequency converters [Danfoss,
2012], which allowed the development of the research [Dunca, Ciuc et al, 2017]. From 2014 to
2017, the Hydro-Unit Utility line pump station remained connected to the hydraulic system with
the very short suction/discharge route in Figure 2.1.

As will be shown in section 2.2, starting with 2018, the pumping station has been
connected to a new closed-circuit hydraulic installation (designed and carried out within the
doctoral thesis), with a long length of the suction/discharge route - a downstream installation
with three final consumers.

The supply tank, designed and made in 2014 (Ciuc, 2014) (figure 2.2), was also used in
the new experimental stand, made in 2018 within the doctoral thesis (section 2.2). The design of
the fuel tank in Figure 2.2 corresponds to a cylindrical tank with a total volume of 75 liters, made
of glass fiber. The tank is open at atmospheric pressure is covered with a cover, but it is not
sealed at all (it only serves to cover, so that dust or objects do not fall into the water).
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Fig. 2.2. Diagram of the connection of the supply tank in relation to the pump station

The Hydro-Unit Utility line pumping station has been made in accordance with European
standards (CE European marking System and EAS European acceptance scheme)
[DP Pumps, 2012]:



Hydro-Unit Utility line pumping systems can be used for high-rise buildings and blocks,
residential complexes, industry, hospitals, hotels, commercial buildings, etc. and customized
according to the requirements of the beneficiaries.

The system is controlled from an automation and control panel via a panel called
Megacontrol [DP pumps, 2012], a simple to use and equipped with the most advanced settings.
The panel is mounted in a cabinet on the motherboard, integrated into the pumping system; the
Megacontrol panel is mounted on the cabinet door, the graphical control interface (with buttons
and display) being accessible to users. It has high flexibility if the operating data of the pump
station changes. DP-Pumps has equipped the Megacontrol panel for optimal pump operation by:

* energy savings due to intelligent control;

* starting the pumps can be done by softstarter, star-triangle switch or frequency
converter;

* LEDs indicating the status of the system;

» multiple functions and simple operation;

» Setting through human-panel interface, PDA or laptop;

* system data available through display;

* equalization and optimization of operating hours;

* low pressure protection by pressure transducer;

« failure warning through self-protected contacts.

Table 2.1. — Capabilities of the utility-line pumping system

Number of pumps 2-6 (in this case, 3 pumps)
Maximum pumping height 120 m

Maximum operating pressure [PN] 16 bar (PN16)

Maximum flow rate 660 m3/h

Connections G6/4” up to NW 250
Liquid circulated clean/aggressive liquids
Fluid temperature circulated from -15°C to 60°C

Utility-line pressure lifting systems have advanced communication functions for
management and control. Information from Megacontrol can be converted into different
management systems. The following parameters can be found: System pressure; pump status;
suction pressure; errors/defects; system status. The operating parameters are shown in Table 2.1.

The pumping station is energy efficient thanks to the optimization of the operation of the
pumps through frequency converters mounted in the control panel. At commissioning (PIF), the
SP was equipped with Danfoss frequency converters [Danfoss, 2012]. The control of the pumps
(start/stop and the variation in their speed) was carried out via the Megacontrol control panel,
from the PIF in 2014 to the end of 2019, first by 2017 on the short-line hydraulic installation
(figure 2.1), then between 2018 and October 2019 on the new installation (section 2.2).



The most important components of the Utility line pressure lifting systems are the high-
quality DPV vertical electropump units (Figure 2.3). The installation is standard, with the size of
the G2” fittings (starting with NW 65, they are flanged).

Fig. 2.3. Multi-stage centrifugal pump DPV2/3 B [DP Pumps, 2013b]

The Hydro-Unit Utility line pumping station in the Hydraulic Machine Laboratory (room
ELAO022) in UPB consists of the following components:

» 3 identical, multi-stage centrifugal pumps with vertical axis (figure 2.3);

« direction flap and two valves (ball valves) mounted upstream and downstream of each
pump;

» pressure transducer on the suction bus and on the discharge bus of the group;

* automation and control panel,;

« 3 frequency converters;

e air cushion tank;

* connection pipes.

After the modification of the hydraulic installation, namely after the connection of the
pumping station, in 2018, to the new hydraulic installation designed and carried out under this
thesis, the Danfoss frequency converters [Danfoss, 2012] and the Megacontrol control panel [DP
pumps, 2012] were used for the first part of the measurements made for the thesis —
measurements made between september 2018 and october 2019. Following the modernization of
the experimental stand, by changing the automation (Chapter 3), Mitsubishi frequency converters
and the Mitsubishi FX5U-32M PLC were used as of November 2019 [Mitsubishi Electric, 2021].

This chapter presents the components of the Hydro-Unit Utility line pump station that
originally equipped the stand (until October 2019). In chapter 3, the new automation is described
and the upgrades to the stand are presented as of November 2019.



2.2. Description of the experimental stand designed and realized in
2018, within the doctoral thesis

At the beginning of 2018, we designed, executed (Figure 2.11) and commissioned a new
hydraulic installation (figures 2.12+2.14), with my colleague, eng. Remus Alexandru Madularea
[Madularea, 2022]: We changed the lengths of the suction and discharge buses and implicitly the
position of the supply tank, then we added 3 final consumers (3 taps) away from the pumping
station. We connected this installation to the Hydro-Unit Utility line pumping station, keeping
the automation existing in 2018 (the “initial” automation).

__ﬂefulare
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Fig. 2.12. The new configuration of the experimental stand executed within the doctoral thesis



Fig. 2.13. Panoramic view of the experimental stand in the Laboratory of Hydraulic machines
(ELA 022) here the suction bus has DN40, so small diameter (to study the operation of the
pumps mainly with cavitation)

Fig. 2.14. Panoramic view of the experimental stand in the Laboratory of Hydraulic machines
(ELA 022) here the suction bus has DN63, so large diameter (to study the operation of pumps
with or without cavitation)

For the doctoral thesis, we executed the hydraulic installation with interchangeable
suction lines, executed in two dimensional variants: Small diameter, DN40 (figures 2.13 and
2.15), for testing the pumps mainly in cavitation mode, respectively large diameter, DN63
(figures 2.14 and 2.16), for testing pumps with or without cavitation.

Fig.2.15. Suction line DN40 Fig.2.16. Suction line DN63

In the diagram in Figure 2.17, the experimental stand from 2018 is shown, the electropump are
marked P1, P2 and P3. All components of the stand are detailed in the legend of figure 2.17.
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Fig. 2.17. Experimental stand scheme: R tank open at atmospheric pressure; P1-+P3 pumps in
the SP pumping station; hydraulic suction circuit is green and discharge circuit blue; 17 main
pipes (j = 1+17) and 14 calculation knots (j = 18+31); pipes in SP (j € {1+3; 6; 6a; 7<9; 9r})
they are made of stainless steel; the rest of the pipes (j € {4+5; 10+17}) they are from PPR and
belong to the hydraulic installation; on the suction pipe j = 4, the VA valve is in the normally
open position; in SP, the pumps are connected between the suction pipes (with
j = la=3a) and the discharge (j = 1r=3r); upstream of the pumps are insulation valves V1+V3
in the normally open position; when each pump is rolled back, there is a return flap and an
insulation valve in the normally open position (not shown in the diagram); in the SP, on the pipe
Jj = 7 the TRA pressure transducer is located on the suctio, and on the pipe j = 8 the TR1
pressure transducer is located on the discharge; on the discharge line j = 10, Immediately after
SP, it is the AT watermeter that measures the total volume of water pumped (at is symbolized as
a general purpose valve); nodes j = 2931 are the end consumers (the outlet holes in the 3 taps
C1+C3); Upstream of each tap C1+C3 there is a pressure transducer TRC1+<TRC3, and each
transducer is preceded by a noted watermeter AC1+AC3; on the pipe j = 13 (between the
sections 13a and 13r) the pressure transducer is located TR2; valve VR flow regulation is at the



downstream end of the discharge bus, near the tank (mounted on the pipe j = 14, after node
28).

Tables 2.2 and 2.3 show the geometrical data of the network: The length of the pipes L;
and the inner diameter of the pipes D;, respectively the odds z; nodes.

Table 2.2. Length of the pipe L; (in metres), Nominal diameter (DN in inches for steel and in
mm for PPR) and inner diameter D; (in mm), where j is the pipeline index

ID L. [m] DN and ID L. [m] DN and
pipeline, j J D; [mm] pipeline, j J D; [mm]
0.16+0.16
DN 1%4" (Upstream + DN 134"
la 0.15 36.6 8 downstream 42.3
of TR1)
DN 1" DN 134"
1r 0.37 279 9 0.32 493
DN 17" DN 134"
2a 0.15 36.6 or 0.16 493
DN 1" DN 40
2r 0.37 979 10 10.845 29
DN 17" DN 40
3a 0.15 36.6 11 0.44 29
DN 1" DN 40
3r 0.37 279 12 0.92 29
0.45 (amonte
DN 50 13a DN 40
4 0.825 36. 13 de TR2) 29
13r 0.775
DN 40 /DN 63 DN 50
5 13.44 59 | 458 14 0.28 36.2
1.84+0.2
6a 0.16 DN 134" 15 (Upstream + DN 20
42.3 downstream 14.4
of AC1)
1.555+0.2
DN 134" (Upstream + DN 20
6 0.32 42.3 16 downstream 14.4
of AC2)
0.16+0.16 1.77+0.2
5 (Upstream + DN 134" 17 (Upstream + DN 20
downstream 42.3 downstream 14.4
of TRa) of AC3)

Table 2.3. The elevation of the knot z; (in meters above the floor), where j is the index of the

knot

ID knot (knots), z; [m] ID knot (knots), | zj [m]

18+21 and pressure transducer 0.23 upstream 30: connection knots 1.27




connection knots TRa AC2 & TRC2
2228 and connection knots
TRL AT & TR2 0.53 30 (Outlet from the C2 tap) 1.055
Upstream 29: connection knots 157 upstream 31: connection knots 15
AC1 & TRC1 ' AC3 & TRC3 '
29 (Outlet from the C1 tap) 1.355 31 (Outlet from the C3 tap) 1.285

On the discharge pipes were installed 4 watermeters [Bmeters, 2021a & 2021b], to
measure the volume of water pumped. One of them is mounted on the discharge bus, in the
vicinity of the outlet of the pumping station, to measure the total volume of water (this
watermeter is noted AT in figures 2.17 and 2.18); The other three watermeter are fitted one at
each consumer (watermeters AC1, AC2 and AC3), as shown in Figure 2.19.

Apometru refulare

Fig. 2.18. Layout of the general watermeter (pulse counter) at on the discharge bus; P1-P3
pumps and TRa and TR1 pressure transducers in the pump station
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Fig. 2.19. Layout of watermeters (pulse counter) AC1+AC3 to consumers

The pump station (SP) is supplied from the open tank R (with a capacity of 75 liters): At
the exit from R, the water enters the pipe with j = 4 (provided with THE VA valve in the
normally open position), then is passed through the suction bus j = 5 until the entry into the SP
(upstream of node 19, figure 2.17). There are 3 C1+C3 end consumers (immediately upstream of
nodes 29+31) each of the three consumers is supplied by a pipe connected perpendicularly to the
discharge line (through separation tees). The C1+C3 control valves allow the flow rate to be
adjusted for each individual consumer. To maintain a constant water level in the tank, the water
jets from the three consumers are taken over by an inclined trough (figure 2.20), which directs
the water back into the tank. The difference in flow between the pumped flow rate and the
consumer outputs goes directly into the tank through the pipe j = 14 (according to the diagram in
Figure 2.17). The VR adjustment valve upstream of the tank, placed on the line j = 14 is used to
control the flow in the hydraulic system.



Fig. 2.20. Water jets from end Fig.2.21. Frequency converters Mitsubishi FR-CS82-025-
consumers collected in the gutter 60
channel

In November 2019, improvements were made to the experimental stand, by upgrading the
automation part. The new automation has many advantages over the old one:
e Latest generation Mitsubishi frequency converters (Figure 2.21), series FR-CS82S-025-60
[Mitsubishi Electric, 2021];

e Allows quick switching of the prescribed pressure between the transducer in the pumping
station, denoted by TR1 and the transducer next to the tank, denoted by TR2 (figure 2.22);

e pressure transducers TRC1+TRC3 for each individual consumer, whose signal is picked up
and displayed in real time on the counting PLC (Figure 2.23);

e PLC metering ensures the display of relative pressures (measured with TRC1+TRC3),
counting and displaying volumes from the watermeter AC1+AC3 near consumers C1+C3;

e PLC metering ensures the metering and display of the total volume of water related to the
general apometer noted AT.

On the old automation we could not automatically record the water volumes: The one
delivered by the pumping station, respectively those consumed by the C1+C3 taps; We could not
record the relative pressures from the three consumer pressure transducers either, and the TR2
pressure transducer had to be connected to the Megacontrol panel via a long cable.



Fig.2.22. The three pressure transducers for each individual consumer TRC1+<TRC3, pressure
transducer TR2; PLC metering; adjustment valve on discharge (VR) and suction valve (VA -
normally open)

TR.1 : Traductor nr. 1
. aflat la plecarea din
grupul de pompare
TR.2 : Traductor nr.2
, pozitionat langa
rezervor

. S

Volumele celor 3 Presiunile celor 3
consumatori (C1;C2;C3) consumatori (C1;C2;C3)

Fig. 2.23 PLC metering —displayed information

The minimum suction pressure can be changed from the touch screen (Human Panel
Interface, HMI - Human Machine Interface). If the suction pressure falls below the set pressure
(means cavitation or no water), the group stops to protect the pumps, with warning message as
shown in Figure 2.24.



GOT2000

20/10/11 17:02:08 Presiune aspiratie sub minim

Frecventa minima:

Frecventa maxima:

Fig. 2.24. Touch screen: Warning message - Fig. 2.25. Touch screen: Minimum and
minimum suction pressure maximum frequency setting

The minimum and maximum operating frequency of the frequency converters can be set,
as shown in Figure 2.25, where the maximum frequency is the nominal one (i.e. 60 Hz) and the
minimum frequency is 25 Hz and corresponds to a pump speed equal to 41.7% of the rated
speed (Thus, if the frequency drops below 25 Hz, the pump is automatically switched off).

The menu accessible on the HMI touch screen can provide information on the number of
connections and operating hours for each pump (Figure 2.26).

3

ore functionare
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Fig. 2.26. Touch screen: Number of connections and operating hours for each pump

All information about the operation of the pump station is displayed in real time on the
main screen (Figure 2.27). Also from here you can change the desired pressure in the system
(prescribed pressure), also called pressure set point (PSP), respectively you can order the
operation of the pumps manually (with imposed frequency with constant value) or automatically
(with variable frequency).



P1 1
Y 60.00Hz Y 60. 00Kz

automat " automat

-0 43bar rescusa 1. Bber

PRESCRISA

e Ll e L —

MENIU AVARII  STANDARD

Fig. 2.27. Main screen with information about the operation of the pump station

It is possible to check for any damage that may occur in operation. In Figure 2.28, a few
damage was simulated to check the functionality of the program and whether the damage

corresponds to the existing one. These damages remain in history and can be checked at any
time.

APARITIE ALARMA

11/11/20 17:01Presiune aspiratie sub minim
11/11120 6:40Presiune aspiratie sub minim
24/10/19 23 53Presiune aspiratie sub minim
24/10/19 23:43Presiune aspiratie sub minim
24/10/19 20:24Eroare comunicatie convertizor 3
24/10/19 19:49Presiune aspiratie sub minim
24/10/19 19:49Presiune aspiratie sub minim
24/10/19 19:48Presiune aspiratie sub minim
24/10/19 19:45Traductor refulare defect
24/10/19 19:44Presiune aspiratie sub minim

24/10/19 19:44Traductor aspiratie defect
24/10/19 19: 44Traductor refulure defect
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Fig. 2.28. Damage message screen

In the system, a PLC FX5U-32M programmable automatic was fitted, which controls the

pumps and pressure adjustment. In chapter 3, dedicated to automation, the operation of this
programmable automatic is described.

4. Mathematical formulation of the studied problems



4.1. Measured parameters and calculated parameters

4.1.1. Measured parameters

In the closed-circuit experimental stand described in Chapter 2, the Hydro-Unit Utility
line (DP pumps, 2012) is the pumping station (SP) and the hydraulic circuit outside the pumping
station is the pumping-supplied hydraulic system (water distribution network).

Presiunea setata
pe refularea statiei
" .80 de pompare

0. Ylbar

R — — (PSP), la TR1 sau
MENIU AVARII STANDARD la TR2

Fig. 4.1. HMI touch screen: display of prescribed pressure (PSP), set to TR1 pressure
transducer or TR2 transducer (here ppsp =1.8bar) and relative pressure display pyes

measured at discharge by that transducer pyes = Prri OF Pref = Prr2  (sSee “discharge
pressure” with value P, =1.88 bar); the relative pressure is also displayed prgr, On the SP

suction line, measured with TRa the pressure transducer (see ‘“suction pressure’
Prra = —0.4 bar)

The pump station does not have flow meters to record flow through each pump and
does not have pressure transducers at the inlet and outlet of each pump. In the absence of
flow meters inside the SP, the flow rate pumped with each pump will be determined based on the
characteristic curves provided by the manufacturer (Figure 2.4) and similarity relationships.

The following parameters were set and measured in the experimental stand:



e PSP noted [bar] - Pressure Set Point - represents the prescribed pressure, more precisely the
relative set pressure (desired/preset value, as in Figure 4.1), to be maintained at one of the
following monitoring nodes in the system:

e at the TR1 node located on the SP discharge line, where the pressure prg, is indicated by

the TR1 pressure transducer mounted in the SP on the discharge line with index j=8 (see
Figures 2.7 and 2.17);

e at node TR2 located on the discharge main away from the pumping station, where the
pressure prgr, is indicated by the pressure transducer TR2 (mounted away from the SP, on

the pipe with j = 13, in the vicinity of reservoir R, upstream of the flow control valve VR
(see Figures 2.17 and 2.18).

The chosen monitoring node (represented by TR1 or TR2) is also displayed on the PLC
metering screen (Figure 4.2);

po ,
presiunea setata la
traductorul nr. 1 (
langa SP, sau de
traductorul nr. 2 (TE

Fig. 4.2. PLC metering screen: the selected monitoring node is displayed in the lower-right
corner of the screen: TR1 or TR2 (TR1 is displayed here); the left column of the screen
displays the water volume values in [litres], measured with the AC1+AC3 water meters on
consumers C1+C3 (water volumes consumed ), respectively with the AT water meter located
immediately downstream of the SP outlet which measures the total volume pumped ; the first
3 positions of the right column of the screen display the relative pressures indicated by the
TRC1+TRC3 transducers of the consumers in [bar].

* ps [bar] — the relative pressure measured (recorded) at discharge by the TR1 transducer or
the TR2 transducer as appropriate; the p,s pressure value is displayed on the HMI - Human

Machine Interface - sensor screen (Figures 4.1 and 4.3). The automation and control system
(Chapter 3) implements the pump station's operating algorithm, which consists of switching
the pumps on/off and varying the speed of the pumps in operation (including switching the
operation of the pumps), so that the prescribed PSP pressure value is reached for certain
values of the total flow rate Q; through the plant. Basically, the operation of the pumps in SP

is controlled so that a p,.s pressure equal to (or as close as possible to) the prescribed PSP
pressure is ensured (achieved) at the chosen monitoring node (TR1 or



TR2): Pret = PrrL = Ppsp OF Pref = Prr2 = Ppsp; there are also situations when the pumps

are fully loaded (all running at rated speed) and the system cannot provide the prescribed
pressure, namely. p,es << Ppsp (@s in figure 4.3);
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Fig. 4.3. HMI touch screen: Display of the relative discharge pressure, measured with one of
the TR1 or TR2 pressure transducers (“discharge pressure”, here p,, =0.25bar); in the

situation shown, all pumps are operating at rated speed and the system cannot provide the
prescribed pressure value ( ppsp = 2 bar), so in this case, pyes << Ppsp

® PR, [bar] —the relative pressure on the suction line in the pumping station, recorded by

the pressure transducer TRa (Figure 2.7), mounted on the pipe with index j = 7 in Figure
2.17; the value of this pressure is displayed on the HMI screen (as in Figure 4.4);

60. 00Mz 60. 00Kz 60. 00Kz

automat ! automat { automat

Fig. 4.4. HMI touch screen: display of relative pressure on the suction line in SP, measured
with the pressure transducer TRa (”’suction pressure ”, here prr, =—0.21bar)

e f [Hz] — the operating frequency of the electric motors, which is modified by the frequency
converters in order to be able to maintain the prescribed ppgp pressure on the discharge; for
the 3 pumps P1+P3, the measured frequencies will be noted f; + f5; their values are

displayed on the HMI touch screen (figure 4.5); they are also displayed on the display of each
frequency converter (figure 2.21);



Peimas [KW] — the electrical power absorbed by the pump motor, measured and

displayed for each individual motor according to its load; for the 3 pumps P1+P3, the
electrical powers absorbed by the motors will be noted P, + P, ; their measured

Imas3?
values are displayed on the HMI sensor screen (figure 4.6); they can also be displayed in the
menu of each frequency converter display;
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Fig. 4.5. HMI touch screen: display of frequencies f;+ f3in [Hz]; green RUN indicator
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shows that the pumps are running; the switches (grey circles) are set to AUT (automatic), so
the speed of the pumps is adjusted by the automation system; if MAN (manual) is chosen, then
the pumps will run at a fixed frequency set/selected by the operator; for position 0, the pump
will be taken out of operation (disconnected) by the operator
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Fig. 4.6. HMI screen: electrical powers absorbed by motors, Ry .« + Peimass [KW]

V [litres] — volume of water, recorded with the pulse apometer, calibrated with 1 pulse/litre
[Bmeters, 2021a si 2021b]; we checked the apometers with the volumetric method, and the
volumetric measured flow rate values correspond to the values calculated from the apometer
readings (ratio between the volume counted by the apometer and the time duration in
seconds); the volumes of water measured with the water meters AC1+AC3 at consumers
C1+C3 (volumes of water consumed) are noted V1 +V¢3; the total volume pumped is noted

V; and corresponds to the indication of the water meter AT, located immediately downstream

of the SP outlet; the values of the volumes of water measured are displayed in litres on the
PLC metering screen (Figures 4. 2 and 4.7);
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Fig. 4.7. PLC metering screen: in the lower-right corner of the screen TR1 or TR2 is
displayed (here TR2 is displayed), depending on the chosen monitoring node; in the left
column of the screen the water volume values Vq +Vzare displayed in [litres], measured at

consumers C1+C3 (here the values are null, the consumers' taps are closed); the lower left
corner of the screen shows the total volume pumped V;; the relative pressures

Pc1 + Pcsindicated by the pressure transducers TRC1+TRC3 near the consumers C1+C3
are displayed in [bar] in the first 3 positions of the column on the right of the screen

pc [bar] — the relative pressure at the consumer, measured with the TRC1+TRC3

pressure transducer mounted immediately upstream of the final consumer valve; for the 3
consumers C1+C3, these pressures are noted pgp+ Pcs; the values of these pressures are

displayed in bar on the PLC metering screen (figures 4.2 and 4.7);

t [seconds] — the time measured by means of a stopwatch, which is necessary to calculate
the water flow; the time measured at the AT meter is noted t; , and the times measured at the

AC1+AC3 meters for C1+C3, consumers are noted tcg +tc3;

v, [mm/s] — vibration speed, measured with an analogue vibrometer with digital display

(model Viber X1), whose technical characteristics are: accelerometer with sensitivity 100
mV/g+15% and precision +3% of the maximum scale, which is 20g for acceleration [VMI,
2021].



4.1.2. Calculated parameters

Based on the parameters measured during the tests on the experimental stand, the

following parameters were calculated:

r [dimensionless size] — relative speed (or relative frequency), refined as the ratio of pump
speed nto rated speed n, (or as the ratio of displayed frequency f to rated frequency
fo =60 Hz); for P1+P3 pumps, operating at speeds n; +ng; relative speeds (relative
frequencies) are denoted r; +r3, where

m_f np _ T ny _ f3

h=—"5=-2 =—=-_+% (4.1)

TR f f
Ny 0 Ny 0 Ny 0

Q [m?/s] — the water flow rate, conveniently converted into litres/s or m3h, as appropriate

(flow rates determined from water meter records are directly calculated in litres/s; pump
characteristic curves are provided by the manufacturer in m3/h); it is considered:

o total pumped flow rate Q; (at the pump station outlet), respectively the water flows
consumed Qgq +Qc3 (to final consumers C1+C3), calculated in [liters/s], then converted

to [m®/s] and [m3/h]; determined by water meters, based on the volume of water V [liters]
recorded at each water meter and the time recorded t [s], such:

V- V, V, V,
=-T; Qcy=-%; Qcp =-%2; Qe =-2 (4.2)
tr tcq tco tcs

Qr

e pumped flow (the flow rate through each pump), noted as appropriate Q;, Q,,
respectively Qs ; at the exit of the SP at junction 24 upstream of the main pipeline j = 10 in

Figure 2.17 (or at the inlet to the SP at Node 19 at the downstream end of the suction line |
= 5), the continuity equation applies:

Qr =Q+Q+Qs (4.3)

e at pump energy operating points F1+F3, the pumped flows Q; +Qsare denoted
Qg1 + Qg3 their values are calculated from the system of equations defining the operation
of the hydraulic system, presented in section 4.2;

¢ at the energy operating point F related to the parallel coupling of the pumps (i.e. at node 24
at the SP outlet), the flow rate is equal to the total pumped flow rate: Qg =Qy ;

e at points FC1+FC3 of cavitational operation of the pumps, the limit flows are noted
Qiim1 + Qiim3 [Georgescu S.-C. & Georgescu A.-M., 2014a]; their values are difficult to



determine for pumps coupled in parallel; the operating condition of pumps without
cavitations can be written: Qg < 0.97 Qjiy,; with the index i=1+3;

e H j [m] — piezometric load in a node j, defined by the relation:

Pj
Hy, =—1+2; (4.4)
Pj pg J
where pj is the relative pressure [Pa] in the node j andz; is the node elevation [m] (for the
experimental stand, the values of the node dimensions are given in Table 2.3); term pj/(pg)

is called pressure load [metres];

e Hj i [m] — hydrodynamic load at a node j located at the upstream or downstream end of a

pipeline, defined by the relation:

V2

Pj J
Hyo=—L+3 472 =M Q¢+| 2L +2z, |=M,Q?+H, 45
hj Zg 0g j CJQJ (pg J CJQJ Pj ( )

where v; [m/s] is the velocity of the water at that end of the pipe (at the node j) and MCj

[s2/m?] is the kinetic modulus, which is defined M¢; :0.0826/ Dj‘ for pipe diameter D; [m]

(for the experimental stand, the pipe diameter values are given in Table 2.2);

For hydraulically long pipelines (pipelines with ratio L;/D; >200, between the length L;
[m] and pipe diameter D; [m]), the kinetic modulus can be neglected, in which case the

hydrodynamic load can be considered equal to the piezometric load: th ~H Pj ;

e H [m] — pumping head (pump load), noted as appropriate H;, H,, respectively H; for

P1+P3 pumps; the load characteristic curves of the pumps are approximated by the following
2nd order polynomial regression curves [Ciuc et al, 2019a], for any value of relative speed
n+r3 (4.1):

Hi=H;(Q)=a-1*-b-Qf, r<1
H2:H2(Q2):a'r22—b'Q22, r2 Sl (46)
Hy=H3(Q;)=a-rf -b-Q3, r<1

where a=31.62 si b=17.625-10°; pump loads H; (with i=1+3) results in meters, for

flow values in m3/s. Pump load characteristic curves, defined by relations (4.6), were
determined based on similarity relations [Georgescu S.-C. & Georgescu A.-M., 2014a],
applied to pairs of values {flow rate - pumping head} corresponding to the load curve
provided by the manufacturer for the rated speed (Figure 2.4(a)).



The load curves (4.6) are plotted in Figure 4.8 for 5 wvalues of relative
speed: r € {1; 55/60; 50/60; 45/60; 40/60}={1;0.9167;0.8333;0.7500;0.6667}.
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Fig. 4.8. Load characteristic curves (4.6) of pumps for different values of relative speed:
r e {1; 55/60; 50/60; 45/60; 40/60}

At the F1+F3 energy operating points of the pumps, the pumping heads are Hg; +Hgs

and their values result from (4.6), for pumped flows Qg; + Qg3 :

Hei=a-5’ —b-Qf
He,=a-rf —b-QF, (4.7)

2 2
Hpz=a-r3 —b-Qf3

e Hg [m] - the load at the energy operating point F for the parallel coupling of the
pumps, corresponding to node 24 at the outlet of the pumping station (Figure 2.17); its value
is calculated on the basis of the system of equations defining the operation of the hydraulic
system, presented in Section 4.2;

e 1 [dimensionless size] — pump efficiency, noted as appropriate n;, m,, respectively ns

for pumps P1+P3; Pump efficiency characteristic curves are approximated by the following
2nd order polynomial regression curves [Ciuc et al, 2019a], for any value of relative speed
(4.2):

m =m(Q)=1647Q;/r, -1.28-10°(Q, /), <1
N2 =M2(Q,)=1647Q, /r, ~1.28-10°(Q,/r, ', 1, <1 (4.8)
ns =N3(Q;) =1647Q5/r; -1.28-10°(Q /1y, 13 <1



where the yield results in dimensionless (subunit) values, for flow values in m3/s; for ease
of reading, yield values will be expressed in percentages [%0].

The characteristic efficiency curves of the pumps, defined by the relations (4.8), were
determined based on the parabola of the homologous operating points [Georgescu S.-C. &
Georgescu A.-M., 2014a]) and the pairs of values {flow - efficiency} corresponding to the
efficiency curve provided by the manufacturer for the rated speed in Figure 2.4(b).

Efficiency curves (4.8) are plotted in Figure 4.9 for 5 wvalues of relative
speed: r € {1; 55/60; 50/60; 45/60; 40/60}={1;0.9167;0.8333;0.7500;0.6667}.
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Fig. 4.9. Efficiency characteristic curves (4.8) of pumps for different values of relative speed:

re{1; 55/60; 50/60; 45/60; 40/60}; the efficiency is in percentages

In the F1+F3 energy operating points of the pumps, pump efficiencies are noted
MNE1 + N3, and their values result from (4.8), for pumped flows Qg; + Qg3

NFp =1647Qp/f —1.28-10°(Qry /1 )
NEo =1647Qg, /1, —1.28-108(Qg, /1, f (4.9)
NF3 =1647Qr3/r; —1.28-10%(Qr3/1;f

e My [dimensionless size] — aggregate efficiency, pump - drive motor; is calculated as the

product of pump efficiency n and electric motor efficiency Mpme;

e P [W] - pump power, noted as appropriate P-;, Pg,, respectively P-5 for pumps P1+P3,
calculated with the relations:



H H H
p, = P9QrHEL. p _ PQroHEs. p _ POQRsHEs (4.10)
NF1 NF2 "F3

where p=1000kg/m® is the density of water and g=9.81 m/s? is the gravitational
acceleration;

P,y [W] — the electric power absorbed by the electric motor, calculated; between the

electric power P, and the pump power (4.10) there is the relationship:
P =Pri/Mme  where i=1+3 (4.11)

where n,, is the efficiency of the electric motor; for the pump drive motors equipping the
stand, the manufacturer's technical specifications indicate the value ., =0.76 [DP Pumps,
2013a];

Pr [W] - total power consumed for pumping - is the sum of the powers of the 3 pumps:
Pr =Pry+Pep+Pes (4.12)

Por [W] - total electrical power absorbed in the pumping station, calculated - is the sum
of the electrical powers absorbed by the motors of the 3 pumps:

I:)eIT =rent I:)elz + I:)el3 (4-13)

n [rot/min] — pump speed, usually expressed in [rpm] and defined as the number of
revolutions executed by the shaft per unit time; if there is a rigid or elastic coupling between
the pump and the electric motor, the pump speed is considered to be equal to the motor speed;
when driving pumps with three-phase motors (the most common case - this is also the case for
the electric pumps studied), the asynchronous speed n is lower than the synchronous speed
ng namely:

n=s-ng, due to slippage s<1; the synchronous speed is calculated with the relation
ng =60f/p,where f =50Hz is the frequency of the supply current, and p is the number of

pairs of magnetic poles resulting from the winding of the electric motor;

NPSH [m] — net positive suction load required by the pump, noted NPSH;, NPSH,,
respectively NPSH3 for pumps P1+P3; The required NPSH curve (Figure 2.4(c)) provided

by the manufacturer for rated speed [DP Pumps, 2013b] is approximated by a 3rd order
polynomial regression curve [Ciuc et al, 2019a], as follows:

NPSH; =5.04-1.27-10*Q, +8-10°Q% +7.5-10°Q3, i=1+3, for ;=1 (4.14)

where the NPSH value required by the pump results in meters, for flow values in m3/s.



Similarity relations indicate that the ratio of pumped flow rates (flow rate at speed nand
flow rate at rated speed n, ) is proportional to the relative speed r =n/ng , respectively that

the ratio of pump loads (pumping head at speed nand pumping head at rated speed n, ) is

proportional to the square of the relative speed: r? [Georgescu S.-C. & Georgescu A.-M.,
2014a].

By extension, the ratio of the net positive suction loads required by the pump (NPSH
required at speed n and NPSH required at rated speed n, ) is also proportional to the square

of the relative speed: r?.

As a result, based on the similarity relations applied to the required NPSH curve at rated
speed (4.14), the characteristic curves of the required NPSH of the pumps will be defined
for any value of relative speed by the following polynomial regression curves of degree 3:

NPSH, =5.04r2 —1.27-10*r Q, +8-10°Q2 +7.5-10°Q% /r, <1
NPSH, =5.04rf —1.27-10%1,Q, +8-10°Q% + 7.5-10°Q3 /r,, 1, <1 (4.15)
NPSH; =5.04 12 —1.27-10*1,Q, +8-10°Q2 + 7.5.10°Q3 /r;, <1

The NPSH curves (4.15) are plotted in Figure 4.10 for 5 values of relative
speed: r € {1; 55/60; 50/60; 45/60; 40/60}={1;0.9167;0.8333;0.7500;0.6667}.
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Fig. 4.10. Characteristic curves of NPSH required by pumps (4.15) for different values of
relative speed: r e {1; 55/60; 50/60; 45/60; 40/60}

At pump energy operating points F1+F3, the values of the NPSH required by the pump are
denoted NPSH g1 + NPSH g3 and their values result from (4.15), for pumped flows Qg; + Qg3



NPSH g, =5.04 12 —1.27-10* Qp, +8-10°Q2, +7.5-10°Q%, /n, <1
NPSH g, =5.04 17 —1.27-10*r,Qp, +8-10°Q2, + 7.5:10°Q2, /r,, <1  (4.16)
NPSH 5 =5.04 2 —1.27-10* Q3 +8-10°Q25 + 7.5-10°Q2, /r;, <1

e M; [s/m®] - the hydraulic resistance modulus can be defined for any pipe of the
installation (with index j=1+17) in the form:

J D4 4

L; 3¢ L; 1
— — J ) _ J
M-_Mdj+M|j—0.0826ij—?+0.0826 , _o.osza(ij—jQ:gj]D—J (4.17)

where My is the distributed hydraulic resistance modulus and My; is the local hydraulic

resistance module;

o Mdj [s?/m®] — the distributed hydraulic resistance modulus of the pipe with index j

depends on the Darcy coefficient 2, coefficient that can be calculated with the Swamee-Jain

formula [Swamee & Jain, 1976] for the entire turbulent flow regime:

-2
5.74 Ki
A =0.25]1 +—3 4.18
| {QERG?" 3-”’1‘“ -

where k; is the absolute roughness of the pipe walls with index j; it is considered value
kj =0.05 mm for all steel pipes [Draghici, 1971; pag. 246] with index je{1+3;6+9} and
kj =0.005 mm for all pipes in PPR, with je {4; 5;10 +17}; numdrul Reynolds Re;
according to the flow on the pipe with the index j is defined as follows:

4Q;

Re. — 419
) nDjU ( )

where v=10"° m%s is the kinematic viscosity of water at 20°C;

For the rusty turbulent regime, defined for Re; > 560Dj/kj , Darcy's coefficient A ; can be

calculated with the Prandtl-Nikuradse formula [Georgescu A.-M. & Georgescu S.-C.,
2007] a formula that does not depend on flow:

-2
b= [2|g(%}+1.14j (4.20)
j

e My [s/m®] — local hydraulic resistance modulus depends on local hydraulic head loss

coefficients C; .



For hydraulically long pipelines (pipelines with ratio Lj/Dj >200, between the length L;

and diameter D;), local hydraulic head losses can be neglected, so M|j — 0; based on this

assumption, in the studied plant, the local hydraulic head loss coefficients C; can only be
considered negligible along two pipelines: the suction line with j = 5, respectively, the
backflow pipe with j = 10.

As a result, the hydraulic calculation for the whole installation will be carried out under
the assumption of hydraulically short pipelines, namely with consideration of all local
hydraulic head losses and kinetic terms at the pipeline ends.

€ coefficients will be determined by numerical calculation for the valves/valves

operated (partially closed or fully open) during the experiments, namely:
e VR flow control valve located on the discharge line j = 14 downstream (where the
coefficient ; is noted Cyg ) — VR control valve is used in all experiments;

e taps of end consumers C1+C3 (with coefficients C; note Ccq;Cca;Ces) — these taps are

only opened in certain experiments;

e V1+V3 valves on the suction lines of pumps, pipes with indexes j = la; 2a; 3a
(coefficients C; are noted Cyq;Cy2;Cy3) — these valves are only partially closed for

certain cavitating tests; for the normally open position, the value of §yq;Cyo;Cy3 are
given in table 4.1,

VA valve located upstream on the suction line j = 4 (where the coefficient C; is noted )

— this valve is only partially closed for certain cavitation tests; for the normally open
position, the &, value is given in Table 4.1.

For other types of fittings, namely for 90° bends, sudden section flares/shorts, tees with
separation, tees with jointing, non-return valves, as well as when flowing through isolation
valves in the normally open position, the values of the C; coefficients are given in table 4.1

these C; values are taken/processed from [Draghici, 1971; pages 249-253]. The

determination of the £, coefficients at passage through the AT and AC1+AC3 water meters
is inserted after table 4.1.

Table 4.1. Values of C; coefficients on j-index pipelines for 90° bends, sudden section

flares/shorts, splitting/dividing tees, fully open valves

ZQ | Description of the type of singularity, pipe and/or corresponding
j
node

j Cj




la | 1.15 tee with separation at node 21, upstream on pipe j = la
the isolating valve V1 in the normally open position on pipe j = 1la
V1 0.4 (unless V1 is operated for cavitational testing, where &4 is
determined by numerical calculation)
2a | 1.15 tee with separation at node 20, upstream on pipe j = 2a
isolating valve V2 in normally open position on pipe j = 2a
V2 0.4 (unless V2 is operated for cavitational testing, where &, is
determined by numerical calculation)
3a | 115 tee with separation at node 19, upstream on pipe j = 3a
isolating valve V3 in normally open position on pipe j = 3a
V3 0.4 (unless V3 is operated for cavitational testing, where &, 5 is
determined by numerical calculation)
1r 0.8 check valve on pipe j = 1r
1r 04 | 2, isolation valve in normally open position on pipe j = 1r
1r 0.3 |=2.06 |elbow 90° in vertical plane on pipe with j = 1r
1r | 0.56 tee with joint in node 22, downstream on pipe j = 1r
2r 0.8 non-return valve on pipe j = 2r
2r 04 | XCy isolation valve in normally open position on pipe j = 2r
2r 0.3 |=2.06 | elbow 90° in vertical plane on pipe with j = 2r
2r | 0.56 tee with joint in node 23, downstream on pipe j = 2r
3r 0.8 non-return valve on pipe j = 3r
3r 04 | 2Cs isolation valve in normally open position on pipe j = 3r
3r 0.3 |=2.06 |elbow 90° in vertical plane on pipe with j = 3r
3r 0.56 tee with joint in node 24, downstream on pipe j = 3r
4 0.35 | X(,= | outlet from reservoir (sharp narrowing section), upstream pipe j = 4
4 é; ?0955 two bends 90° vertically on pipe j = 4
\_/vhe_n DN50 / DN63 abruptly flared at junction 18, downstream on pipe
4 0.04 |j=5is . X L )
J = 4 (except experimental tests with pipe j = 5 with DN40)
DN40)
VA valve in normally open position on pipe j = 4
VA | 04 (except when VA is operated for cavitational testing, where &y, is
determined by numerical calculation)
5 g ; XC5= | 6bends 90° in horizontal plane on pipe j =5
5 0.05 (11'895 sudden narrowi_ng DN50 / DN_40 ir? no_de 18, l_Jpstream of pipej=5
: (only for experimental tests with pipe j = 5 with DN40)
\_/vhe_n suction line connection to pumping station, upstream of node 19:
5 0.1 J=518 DN40 / DN134" sharp flaring, £ coefficient downstream on pipe j =
DN40) 5 with DN40 (only for tests with j = 5 with DN40)
6a | 0.01 |0.01 suction line connection to pumping station, upstream of node 19:




©

DN63 / DN134" sharp flaring, { coefficient downstream on pipe j =

when | 6a with DN40 (only for tests with j = 5 with DN40)
j=51is
DNA40)
tee with separation at node 19, on pipe j = 6 immediately
6 0.25
downstream of node 19
7 0.25 tee with separation in node 20, upstream on pipe j =7
8 0.44 tee with join in node 23, downstream on pipe j = 8
9 0.44 tee with join in node 24, on pipe j = 9 upstream of node 24
or 0 no local hydraulic head losses on this section
connection of the discharge main to the pumping station,
10 0.1 e downstream of node 24: abrupt narrowing DN1%4" / DN 40, C
1 ;0 upstream on pipe j = 10
10 ?) ; 4 bends 90° in horizontal plane on pipe j = 10
passage through the AT gauge: the variation of {7 as a function
of flow is plotted in Figure 4.11(b); the local hydraulic head loss
hy o7 through the AT gauge is described below in relation (4.22);
AT | Car although AT is mounted on pipe j = 10, hy ,; will be considered
separately in the energy law expression - so 2yq in My, (4.17)
does not include the coefficient C o1
11 | 0.06 tee with separation at node 25, upstream on pipe j = 11
12 | 0.06 tee with separation in node 26, upstream on pipe j = 12
13 | 0.06 _ | tee with separation in node 27, on pipe j = 13 upstream of TR2
Xy3= — —————
2 x two bends 90° in horizontal plane on pipe with j = 13
131 3 |006+
13 | 0.04 0.64 abrupt section flare in node 28, downstream on pipe j = 13
flow control valve VR mounted on pipe j = 14
VR | G (&yr is determined by numerical calculation)
14 1 inlet to reservoir (sudden section deflection), downstream on pipe
j=14
15 | 0.92 = tee with separation in node 25, upstream on pipe j = 15
15 0.3 15 elbow 90° in vertical plane on pipe with j = 15, upstream of AC1
1.22+ . . . ——
elbow 90° in horizontal plane on pipe with j = 15, downstream of
15 03 |03
ACl
tap at consumer C1 at the downstream end of pipe j = 15
Cl | &t (Ccy is determined by numerical calculation)
passage through gauge AC1: the variation of {c; as a function of
ACl | Cac1 flow is plotted in Figure 4.12(b); the local hydraulic head loss

hy oc1 through gauge AC1 is described in relation (4.23);




although AC1 is mounted on pipe j = 15, hy 5, will be considered
separately in the energy law expression - so X¢;5 in M (4.17)
does not include the coefficient ¢
16 | 0.92 S tee with separation at node 26, upstream on pipe j = 16
16 0.3 16 elbow 90° vertically on pipe with j = 16, upstream of AC2
1.22+ . . . —
elbow 90° in horizontal plane on pipe with j = 16, downstream of
16 03 (03
AC2
tap at consumer C2 at the downstream end of pipe j = 16
C2 | Geo (&c, is determined by numerical calculation)
passage through gauge AC2: the variation of ¢, as a function of
flow is plotted in Figure 4.12(b); the local hydraulic head loss
hy o through gauge AC2 is described in relation (4.23);

ACZ | Gacz although AC2 is mounted on pipe j = 16, hy 5, Will be considered
separately in the energy law expression - so X, in My (4.17)
does not include the coefficient £ ac»

17 | 0.92 S¢,= tee with separation at node 27, upstream on pipe j = 17
17 0.3 17 elbow 90° vertically on pipe with j = 17, upstream of AC3
1.22+ . . . —
elbow 90° in horizontal plane on pipe with j = 17, downstream of
17 03 |03
AC3
tap at consumer C3 at the downstream end of pipe j = 17
C3 | Ccs (Cc3 is determined by numerical calculation)
passage through gauge AC3: the variation of {3 as a function of
flow is plotted in Figure 4.12(b); the local hydraulic head loss
hy ac 3 through gauge AC3 is described in relation (4.23);

AC3 | Gacs although AC3 is mounted on pipe j = 17, hy ,-5 Will be considered
separately in the energy law expression - so X(;7 in My, (4.17)
does not include the coefficient {c3

e h, [m] - loss of local hydraulic load when passing through the water meter; the h; ,

value as a function of flow can be estimated by processing data available in the literature
[Pressure Loss, 2022]. For the 2 types of water meters mounted on DN40 and DN20 pipes in
the experimental stand, the available hy, values are plotted in Figures 4.11(a) and 4.12(a).
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Fig. 4.11. Local hydraulic head losses h;,; (in meters) and the coefficient ,; calculated

with (4.21) as a function of the flow rate Q; (in litres/s) for the AT general water meter

(mounted on the pipe j = 10 with DN40): available processed data [Pressure Loss, 2022] and
polynomial regression curves proposed in thesis
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Fig. 4.12. Local hydraulic head losses hy,; (in meters) and the coefficient € o¢; calculated
with (4.21) as a function of the flow rate Qg; (in litres/s), with i = 13, for AC1+AC3 water

meters from C1+C3 consumers, mounted on DN20 pipes: available processed data [Pressure
Loss, 2022] and polynomial regression curves proposed in the thesis



The values of the ¢, coefficient can be calculated as follows:

hy ,D?
h,A=0.0826C—’2Qj2 = ¢ L (4.21)

D} A 0.0826Q?

where the index j is:
e j = 10 for the AT general water meter mounted on pipe j = 10 with DN40, diameter
equivalent to DN 1'%"; it follows hy ,r =hj A1 (Qr) and L a7 ;

e j = 15+17 for AC1+AC3 meters from C1+C3 consumers, on DN20 pipes, diameter
equivalent to DN %"; it follows hy oo =y ACi(QCi) and ¢ (written for i = 1+3).

The pairs of available hy ,; =h 47 (Qr) and hy 5, =y 5 (Qci) values can be approximated
by the following 2nd order polynomial regression curves:

hy or = 0.3523Q% —0.0011Q; +0.0055 (4.22)

My aci = 3-189Q%; —0.5656Qc; +0.1968; i=1+3 (4.23)

where hy o and hy o, +hy 4 results in meters for flow values Qr and Qgp +Qcj in litres/s.
The proposed regression curves (4.22) and (4.23) are plotted in Figures 4.11(a) and 4.12(a).

The Car and Cac; values calculated with (4.21) flow function can be approximated by
higher degree polynomial regression curves, i.e. {ar =Cat (QT) values by a polynomial of
degree 13 and e =(Caci(Qci) values by a polynomial of degree 11, respectively; the
calculated £ values and the proposed regression curves are plotted graphically in Figures
4.11(b) and 4.12(b);

Gur [dimensionless size] — the local hydraulic head loss coefficient at the flow control

valve VR, mounted downstream on the discharge main near the reservoir (on the pipe with
index j = 14 in Figure 2.17); the value of the coefficient (g is obtained as the solution of the

system of nonlinear equations defining the operation of the hydraulic system.

Given the data in Table 4.1, for pipe with j=14 , the hydraulic resistance modulus (4.17) is
written as follows:

My, = 0.0826 (}”14 s, (G +Gur )]LA, (4.24)
D1y Di4

| mention that, for a set of experimental tests performed without consumers (with the taps

of the final consumers C1+C3 in the fully closed position, i.e. for Qc; =Qcy =Qc3=0), i.e.

for Q4 =Qr, in a previous study [Ciuc et al, 2019b] we established that the value of the



coefficient &g can be determined using polynomial regression curves Cyg =Cyr(Quq) of
higher ~ degree, defined in  portions according to the critical value
Qu =Qr =0.83-103m3s =3m3h of the total pumped flow (namely a polynomial of degree

3 for Q, <3m3h , respectively of degree 5 for Q4 >3m3/h );

Cc1:€c2, 83 [dimensionless sizes] — local hydraulic head loss coefficients at consumer

valves C1+C3 mounted on pipes with index j = 15+17; these coefficients are obtained as the
solution of the system of nonlinear equations defining the operation of the hydraulic
system.

Given the data in Table 4.1, for pipes with j = 15+17, the hydraulic resistance moduli (4.17)
are written as follows:

L 1
M5 = 0.0826| A5 ﬁ +(Z¢s + Cc1)]_4
15 D15
L 1
My = 0.0826| Ays 16 + (¢4 +Cc2)]_4 (4.25)
Dis Dig
L17 1
M1y =0.0826| Ayy =0+ (Z6a7 + L) | =
17 17

&v1:Gv2, Gys [dimensionless sizes] — local hydraulic head loss coefficients at V1+V3 valves

mounted on pump suction lines - lines with index j = 1a+3a (Figure 4.13).

The isolation valves V1+V3 are usually in the normally open position (in which case,
&v1=Cy2=Cy3=0.4 , as in Table 4.1); these valves were partially closed only for some

experimental tests where the cavitational operation of the pumps was studied, in which
case the coefficients Cyq; &y ,; Cy3 are obtained as the solution of the system of nonlinear

equations defining the operation of the hydraulic system.

Given the data in Table 4.1, for pipes with j=1=+3, the hydraulic resistance moduli (4.17)
are written as follows:

My = My, + M;, = 0.0826 (Ma [L)lg (G CVl)] +0.0826 (Mr L—lg + ZL{J

4
la Dla 1r Dlr

M, =M,, + M,, =0.0826 [xZa [L)Zsa + (G2a + CVZ)J +0.0826 (%zr % + ZLFJ (4.26)

4
2a D2a 2r 2r

My = Ma, + My, =0.0826 (%a Soa (C3aD+4CV3)J +0.0826 [xg,r % + —ZDij ]
3a 3a 3r 3r



Fig. 4.13. Pumping station (SP):pumps P1+P3; index pipes j € {la=3a; 1r=3r; 5; 6; 6a; 7-9;
9r; 10}, index nodes j = 19+24, wherej=19 is near the entrance to SP, and j=24 is at the exit
of the SP; the valves V1-+V3 on pump suction lines (j = 1a+3a) —isolating valves in normally
open position; pressure transducer TRa on the suction line from SP (in the middle of line j =
7); pressure transducer TR1 on the discharge line from SP (in the middle of line j = 8)

e {ya [dimensionless sizes] — the local hydraulic head loss coefficient at the VA valve at the

upstream end of the suction main, immediately after the outlet of the reservoir (on the pipe
with index j = 4 in Figure 2.17); the VA valve is usually in the normally open position (in
which case, 5 =0.4); this valve was partially closed only for some experimental tests

studying the cavitational operation of the pumps, in which case ¢, > 0.4 and its value is

obtained as the solution of the system of nonlinear equations defining the operation of the
hydraulic system.

Given the data in Table 4.1, for pipe with j=4, the hydraulic resistance modulus (4.17) is
written as follows:

M, =0.0826(x4;—1+(2§4 +QVA)JD%1 (4.27)
e NPSH, [m] — net positive suction load available in the installation, noted as appropriate
NPSH,;, NPSH,,, respectively NPSH,; for pumps P1+P3; the calculation relation for
NPSH,, with the index i=1+3, is applied to the suction circuit of the pump, between the
free surface of the water in the tank R (where the speed is neglected, the pressure is equal to



the atmospheric pressure, whose absolute value is pg, =10.328 m.c.a., and the dimension of
the free surface is zz ) and the suction flange of the pump considered, whose axis is at the
dimension z, =0.23 m (according to Table 2.2, where z, = 719 = Z,5 = 251 =0.23m):

NPSH,, =Pam—Pv _

o0 a— hrR—ai pentru i =1+3 (4.28)

g

where p, is the vaporization pressure of water ( p, =0.238 m.c.a., for water at a temperature
of 20°C); Hga =(z4—2g) is the geometric suction head, the value of which is negative

(providing a counterpressure on pump suction) because zgp > z,; height zg of the free

surface of the water in the tank is kept constant during the experimental tests; this rating
varied from one set of measurements to another between zg =0.67 m and zz =0.77 m (most

measurements were made with zg =0.73m); term hrR_ai is the sum of the hydraulic load
losses on the suction circuit and is defined for each pump as follows (Figure 4.14):
Mrg_ag = (Mg +M5)QZ + MgQZ + (M7 + My, )QF, pentru pompa P1
hrR—az = ('V'4 + M5)Q52 + Mng + Mzanz, pentru pompa P2 (4.29)
hep_ag = (Mg + M5)Qé +M3,Q3, pentru pompa P3

where the hydraulic resistance moduli are defined in (4.17); M1, + M3, are extracted from
(4.26), and M, is explained in (4.27).

VA 13
4 5 —> r
;
R -
14 VR 28 137 Tmlsa"rﬂ 12 ‘.rz(» 11 1.’2: < 10
] 1 ]
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Fig. 4.14. Simplified hydraulic circuit diagram in Figure 2.17



According to the scheme in Figure 4.14 and taking into account the continuity equation in
nodes, the relations (4.29), related to the hydraulic load losses on the suction circuit,
become:

Moy = (Mg + Mg) Q% + Mg(Q, + Qs )* + (M5 + My, )Q2, pentru pompa P1

hrp_ay = (Mg + Ms)QF +Mg(Qq + Qs +M,,Q3, pentru pompa P2 (4.30)
hrroag = (Mg +M5)QF + M3,Q3, pentru pompa P3
Qr=Q+Q+Q

Inserting then in (4.30) the calculated values of the pumped flow rates Qg +Qg;

(corresponding to the F1+F3 energy operating points of the pumps), the hydraulic head
losses on suction are written as follows:

hrr_a; = (M4 + MS)(QFl +QF2 +QF3)2 + MG(QFZ + QF3)2 +(M7 + Mla)Qél
Mep_ay = (Mas+Ms)(Qr1 +Qrz +Qra) +Mg(Qrp + Qe + MpaQ?, (4.31)
heg_ag =(Ms+Ms)(Qry+Qrz +Qrs)’ + M3,Qfs

Inserting the results given by (4.31) into the expression (4.28) gives the values of the net

positive suction load available in the system for each pump as a function of the three
pumped flows:

NPSH,; = NPSH;(Qr1,QF2,Qr3),  1=1+3 (4.32)

The operating condition of non-cavitating pumps is based on the values calculated with the
relations (4.16) for the NPSH required by each pump, respectively with the relation (4.32)
for the NPSH available in the plant, the condition being expressed as:

NPSHE, < NPSH,.(Qr1,Qr2,Qr3)  i=1+3 (4.33)

4.2. Equation system describing system operation when prescribed
pressure (PSP) refers to the pressure indicated by the TR1
transducer on the discharge line in the pump station

In this chapter, it is assumed that the prescribed pressure (set/desired), denoted ppgp

(where PSP = Pressure Set Point), is to be maintained at the TR1 monitoring node located on
the discharge line from the pumping station, where the discharge pressure p, is indicated by

the TR1 pressure transducer (positioned in SP as in Figures 2.6 and 2.17): Pret = Prr1 -



In this thesis, all experimental cavitational tests were performed only for the TR1
monitoring node. Since in the tests VA and V1+V3 valves on the suction circuit were used in
turn or simultaneously in different combinations of positions (open or partially closed), in this
chapter we have analysed separately different cases corresponding to the operation of the
experimental stand, namely:

e operation without final consumers, with the VA and V1+V3 valves on the suction circuit in
the normally open position (subsection 4.2.1);

e operation without final consumers, with the VA valve partially closed and the V1+V3 valves
in the normally open position (subchapter 4.2.2);

e operation without final consumers, with the VA valve in the normally open position and the
V1+V3 valves partially closed (subsection 4.2.3);

e operation without end-users, with VA and V1+V3 partially closed (subsection 4.2.4);

e operation with end-users, with VA and V1+V3 partially closed (subchapter 4.2.5).

4.2.1. Case where the monitoring node is TR1 and the stand operates without end-
users, with the VA and V1+V3 valves in the normally open position

Here's how the experimental stand works:
e no end-users - with consumers' taps C1+C3 turned off, in which case the flow consumed is

zero: Qcp =Qcr =Qc3=0;

e with valves VA and V1+V3 in the normally open position, in which case the local hydraulic
head loss coefficients have the values in Table 4.1: {5 =0.4 and &1 =y, =Cy3=0.4.

In this case, the operation of the stand depends on 4 unknown quantities, namely: the
pumped flow rates Q; + Q5 and the local hydraulic pressure drop coefficient £,z at the regulating

valve VR - to determine their values, 4 equations are needed.

Pressure transducers TR1 and TRa, mounted in the pumping station (SP) in the middle of
the pipes with index j = 8 on the delivery side and j = 7 on the suction side of the SP (Figure
4.14), allow the measurement (determination) of the differential pressure Ap:

Ap =(Prr1 — Prra) (4.34)

Between the two pipelines (therefore between the two pressure transducers) there is the
difference in dimension Az =0.3m (table 2.3). With the notations in Section 4.1 and Figure 4.13,
the continuity equation in nodes, together with Bernoulli's relation applied between node 19
(near the entrance to SP) and the node where TRa is located, respectively between the node
where TR1 is located and node 24 (at the exit from SP), form the following system of nonlinear
equations:



2
{thnghTRa+M6(Q1+Q2) +0-5M7Ql2 (435)

2 2
Hirry = Hhog +0.5MgQy + Mg(Q +Q,)

The difference of the hydrodynamic loads in nodes TR1 and TRa is equal to the difference
of the piezometric loads in the same nodes (TR1 and TRa are mounted on pipes of the same
diameter, through which flows the same flow, namely Q, ):

_ (Prri~ Prra)

Ap
H hTRL ™ H hTRa =~ H PTR1 H PTRa — g oa

o8}
Given (4.36), the difference of the hydrodynamic loads at nodes 24 and 19 in the system (4.35),
equal to the difference of the piezometric loads between the same nodes - located on pipes of the
same diameter, through which flows the same total flow Q; defined by (4.3), is written:

Ap 2
Hh24 - Hh19 = Hp24 - leg :(E'FAZJ—(MG + Mg)(Q1+Q2) —05(M7 + M8)Q12 (437)

where, according to the data in Tables 2.2 and 4.1, the hydraulic resistance moduls Mg+ Mg

have different values, although the pipes with index j = 6+9 have the same dimensions.

In a previous experimental study [Dunca, Ciuc et al, 2017], conducted on the same
pumping station (SP), the simplifying assumption was adopted that the pumping heads Hg; of the

P1+P3 pumps (with index i = 1+3) at the energy operating points F1+F3, can be considered
approximately equal to the load at point F of the parallel coupling - load found at node 24,
immediately upstream of the SP outlet (Figure 4.13). Such an assumption corresponds to
neglecting hydraulic head losses on the pipelines inside the pumping station. The graphical
representation of the load curve of the pumps coupled in parallel corresponds to the graph in
Figure 3.1, in which the "continuous regulation” of pump operation has been exemplified for the
parallel coupling of one, two or three pumps equipping the experimental stand, for relative speeds
between a minimum (chosen r,,, =40/60 = 0.67 ) and nominal value: r =1.

Although the above assumption is acceptable, in this PhD thesis, the hydraulic head
losses on the pipelines inside the pumping station will be considered and explained for each
energy law written on the hydraulic path passing through any pump P1+P3. As a result, the law
of energies is applied between node 19 (SP inlet) and node 24 (SP outlet), passing through each
pump, from P1, to P3, and the following 3 equations result:

2

Higg + Hy = Hpgg + (Mg + Mg Q +Q, ) + (M7 + My + Mg JQ7 (4.38)
_ 2 2

Hig +Haz = Hppy + (Mg + Mg XQ +Q, ) + M,Q; (4.39)

Higo + Hs = Hppy + M3QS (4.40)



In the energy laws (4.38)+(4.40), the following compact notations were used for the
hydraulic resistance moduli of the suction/backflow pipes between which the pumps are
connected P1+P3: M;=(My; +My), My=(My, +My) and Mz=(Mg, +Mj). The
resistance modules M; +Mjare explained by the relations (4.26) - these resistance modules
depend on the flow rates Q; (which are unknowns of the system of equations): M; = Mi(Qi),

with i =1+3. The values of the local hydraulic head loss coefficients C; are given in Table 4.1.

Given the relation (4.37), the laws of energies (4.38)+(4.40) can be compacted and
rewritten by highlighting the pumping heads H; (with i =1+3) as functions dependent on the

pumped flows, as follows:
e for P1 pump:

H, =(A—§+AZJ+O.S(M7 +Mg)Q? + MyQ? (4.41)
p
e for P2 pump:
H, ={A—S+AZJ—O.5(M7 +Mg)Q? +M,Q2 (4.42)
p

e for P3 pump:

Ha =[%+AZ]—(M6 +Mg)(Q +Q,) -

~0.5(M7 + Mg)Qf +M3Q%

(4.43)

At the outlet of the SP, on the discharge main with index j = 10, there is the AT gauge
with the help of which the total pumped flow, noted Q; (by the volume V; recorded in a given

period of time t; ), can be determined. The continuity equation at the outlet of the SP (4.3) can
be rewritten as:

Q+Q=0Qr -Q3 (4.44)

Inserting (4.44) and the H,; = Hi(Qi) expressions from (4.6) into equations (4.41)+(4.43), the
following functions result f;, =0, f, =0 and f; =0 [Ciuc et al, 2019a], where a =31.62 and
b=17.625-10°:
e for P1 pump:

Ap

f, :(a-r12 —b-Qf)—(E+Azj—O.5(M7 +Mg)QF —M,Q7 =0 (4.45)

e for P2 pump:

f, =(a- r} —b~Q22)—(A—g+AZJ+O.5(M7 +Mg)QZ —M,Q2 =0 (4.46)
P



e for P3 pump:

f3:(a.r32—b-Qg)_[g+Azj+(M6+M9)(QT Qo)+ (4.47)

+0.5(M7 +Mg)Qf - M3Q5 =0

The system of 3 nonlinear equations formed by the functions f; =0 (4.45)+(4.47) has 3

unknowns, namely the pumped flows Q; (with i=1+3).

Due to the flow dependence of Darcy's coefficients 2; defined by the Swamee-Jain
formula (4.18), coefficients which are found in the expression of the hydraulic resistance modules
M; (4.17), functions (4.45)+(4.47) forms a system of strongly nonlinear equations, which can be

solved numerically /Madularea, 2022], using the specialized function called fsolve in MATLAB
® [MATLAB, 2022] and GNU Octave [Eaton et al, 2022].

Range of flow rates corresponding to experimental stand tests [Ciuc et al, 2019a],
[Madularea, 2022] shows that on pipes inside the SP (on pipes with index
j e{la+3a;1r = 3r;6a;6+9;9a}) the flow is turbulent pre-flow, and on the PPR pipes of the
hydraulic installation (on pipes with index j e { 4;5;10 +14}), the flow is turbulently smooth, so
use of the Swamee-Jain formula (4.18) is indicated.

We also checked the solutions (flow values) under the assumption of a rough turbulent
flow on the pipes inside the SP - regime for which the Darcy coefficient 2; can be calculated

with the Prandtl-Nikuradse formula (4.20) — formula that does not depend on flow. Based on this
assumption, the degree of nonlinearity of the system of equations (4.45) + (4.47) is reduced and
the solution of the system can be easily determined in this way: extract (by radical) the flow rate
Q, from (4.45), and then enter into (4.46) and (4.47), from where the values Q, and Qs are
extracted (by radical). We verified this assumption by calculation with both the Swamee-Jain
formula (4.18) and the Prandtl-Nikuradse formula (4.20), and the difference between the
calculated pumped flow values varies in the range [— 0.00023...+0.00011] in litres/s (1), so the
difference is negligible, being well below the accuracy class of the AT apometer. As a result, the
assumption of rough turbulent flow can be adopted to more easily calculate pumped flows in
some particular cases, such as the simple case, discussed in this subchapter 4.2.1.

However, in order to cover all the cases studied, the thesis will strictly consider the
Swamee-Jain formula.

Based on the relations (4.6) describing the load curves H; = Hi(Qi) of the pumps at any
relative speed r, =n;/ny = f;/ fy (with i =1+3) and based on the continuity equations that apply
at each node of the system, the law of energies on the closed hydraulic circuit, starting from
the reservoir R, passing through each pump P1+P3 and returning back to the reservoir,



leads to the following nonlinear equations, written in turn as functions f, =0 , f;=0 and

fg =0 , namely:

13
f4:a-r12—b-Qf—[M4+M5+MGa+M9r+ >M; +M14}QT2—

j=10 (4.48)
2
—hypr = (Mg + Mg )Q +Q, ) = (M7 + My +Mg)Qf =0
13
j=10 (4.49)
~hyar = (Mg +Mg)Q +Q,f ~M,Q5 =0
13
f6=a~l’32—b~Qé2— M4+M5+M6a+M9r+ ZM]+M14 Q%—
j=10 (4.50)

_hIAT _M3QC§ =0

where the local hydraulic head loss hy ,; through the AT gauge mounted on the pipe with j = 10
is defined in (4.22) by a polynomial regression curve: hy,r =hj,r (Qr ). The hydraulic resistance
modul Mj; of the f, + fg functions are defined in (4.17) with the values of the local hydraulic
head loss coefficients C; given in Table 4.1 (where the values Cya and Gy +Cy 3 correspond to
the valves VA and V1+V3 in the open position); the value g of the control valve VR has to be

calculated. The hydraulic resistance moduli M, and M;, incorporating also the component due

to local hydraulic head losses in valve VA (from pipe j = 4) and in valve VR (from pipe j = 14),
respectively, are written:

M, = 0.0826[7%% . W]
4 4 (4.51)

My, =0.0826 (xu e (Gus +4CVR)]
D. D
14 14
In (4.51), the coefficient {yr is unknown and depends on the flow through, i.e. the flow Q4

entering the reservoir through the pipe j = 14: &g = Cyr(Qua)-

The regulating valve VR was used in different positions from fully closed to fully open
in all experimental tests, so for any non-zero value of flow entering the tank through pipe j = 14,
the coefficient Cyg is non-zero: &g > 0. Knowing the values of the pumped flow rates Q; + Qs ,

calculated as the solution of the system (4.45)+(4.47), the unknown value of the &g
coefficient corresponding to the control valve VR can be calculated using one of the functions



(4.48)+(4.50) - any of these 3 functions. The solution £,z of any equation (4.48)+(4.50) can be
obtained using the specialised function fsolve in MATLAB.

For all experimental tests conducted without consumers, with the prescribed
pressure (PSP) set at the TR1 pressure transducer, during which the VA and V1+V3 valves
are held fully open, for each set of recorded values: Ap = (prr; — Prra), Qr =Vi/tr and 1 +r;

(given by the displayed frequencies f; + f3), the calculated values of pumped flow rates Q; + Qs
correspond to the flow rates Qg; + Qg3 at the energy operating points F1+F3. Inserting values
Qg1 + Q5 inrelations (4.7), (4.9) and (4.16), respectively, gives the pumping heads Hgq + Hgj,
performance ng; +ngg and values NPSH g, + NPSH g5 of the NPSH required by the pumps at
F1+F3. Inserting values Qg; + Qg3 in relation (4.32), based on relations (4.28) and (4.31), we
obtain the values NPSH_; +NPSH,; of the NPSH available in the plant, then check the

inequality (4.33) to determine the operating mode: no cavitations, incipient cavitations or
developed cavitations. Based on the relations (4.10) and (4.11) the values of the pump power
Peq + Peg , respectively the electric power P, +P,3 absorbed by the electric motor of each
pump can be calculated. This then gives the total power consumed for pumping R (4.12) and the

total electrical power absorbed in the pumping station, denoted Ry (4.13).

The methodology described in this chapter allows the calculation of the parameters
that define the energy and cavitation operation of P1+P3 pumps, according to the scheme in
Figure 4.15.
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Fig. 4.15. Logic diagram of solution determination - TR1 monitoring node, operation without
final consumers, with VA and V1-+V3 valves on suction circuit in normally open position

This calculation methodology corresponds to a sensorless control approach in the
pumping station [Ciuc et al, 2019a] - an approach considered acceptable when working with
insufficient measuring instruments (as mentioned, the experimental stand is not equipped with
flow meters, and inside the pumping station, neither the flow pumped with each pump nor the
pressure jJump between suction and discharge of each pump can be measured).

The continuity equation (4.3) and the energy laws (4.45)+(4.50) correspond to the case
where all pumps are in operation. In the case when one of the pumps is off, respectively when
two pumps are off, the system of equations simplifies (one of the pumped flow values being
zero, respectively two of the pumped flow values being zero).

The sum of the solutions (pumped flows) Qg; + Qg3 calculated numerically (by solving

the system of equations (4.45)+(4.47) defining the operation of the plant) is checked in terms of a
relative error e with respect to the corresponding measured value Qy :

6q =100[Qr —(Qr1+ Q2 + Qrs)oiuie/Qr  [%] (4.52)

| emphasize that for a given experimental test, the system of equations (4.45)+(4.47)
solved numerically incorporates 4 measured values: the relative pressures recorded at pressure
transducers TR1 and TRa (inserted into the system by differential pressure Ap (4.34)),

respectively the volume of water V; at the water meter AT and time t; in which this volume is



recorded (entered into the system by total flow Q; (4.2)). So the numerical results are definitely
affected by inherent errors (measurement errors and preliminary calculation errors of the input
data to the system). Pressure transducers have an accuracy of +0.03 bar ( £0.3 m.c.a.), so the
differential pressure Ap can be determined with an accuracy of +0.6 m.c.a. The AT meter
mounted on the DN40 pipeline has an accuracy of +0.05 litres [Bmeters, 2021b], so
theoretically, the volume V; can be measured with an accuracy of +0.05 litres; In the
experimental stand, the volume value V; is displayed in litres, without decimals, on the PLC
metering screen (Figure 4.2), which reduces the accuracy of the measurement (it is possible to
get a reading error both when resetting the meter and when reaching the desired volume). The
timing of time t; is also subject to a measurement error due to the human factor - due to the
reaction time when starting the timer (simultaneously with resetting the water meter) and when
stopping the timer (when the desired volume is reached) - a cumulative measurement error of a
few tenths of a second is estimated (+ 0.5 s can be allowed). It follows that, theoretically, the flow
rate Qr can be measured with an accuracy of +0.1 litres/s. Calculations have shown that the

relative error values g (4.52) can also reach extreme values of order £8% .

The sum of the calculated values of the electrical powers absorbed by motors
Poi1 = Psj3is checked in terms of a relative error g, with respect to the sum of the measured

values of the electrical powers absorbed by motors P, P with the relation:

Imasl =~ "elmas3 *

Eor = (P9|masl + Pelmasz + Pelmasa‘)_ (Pel1 + Pelz + Pe|3)calculate 100 [%] (4.53)

Pelmasl + P8|ma52 + Pelmas3

The g, -error values are certainly affected by inherent errors - | stress that the measurement of

electrical powers is not very precise: the measured values are displayed in kW, with only two
decimal places, and the recorded values were in the range 0.11+0.55 kW.

4.2.2. Where the monitoring node is TR1 and the stand operates without end-users,
with the VA valve partially closed and the V1-V3 valves in the normally open
position

Here's how the experimental stand works:
e no end-users - with consumers' taps C1+C3 turned off, in which case the flow consumed is
zero: Qcy =Qcp =Qc3=0;
e with valve VA partially closed, in which case the local hydraulic pressure drop coefficient
Cya has an unknown value, which has to be calculated;

e with V1+V3 valves in the normally open position, in which case the local hydraulic head
loss coefficients have the values in Table 4.1: §,; =Cy, =&y3=0.4.



In this case, the operation of the stand depends on 5 unknown quantities, namely: the
pumped flow rates Q; + Qg and the local hydraulic head loss coefficients: (g at the regulating

valve VR and (, at the valve VA - to determine their values, 5 equations are needed.

Knowing the values of the pumped flow rates Q; +Qs, calculated as the solution of the

system (4.45)+(4.47), the unknown values of the two local hydraulic head loss coefficients
can be calculated, namely: g at the VR control valve and 5 at the VA valve, using two of

the three functions (4.48)+(4.50). The solutions g and &, for the system of two equations

selected from the group of three (4.48)+(4.50) can be obtained using the specialized function
fsolve in MATLAB.

The parameters defining the energy and cavitation operation of P1+P3 pumps can be
determined according to the logic scheme shown in Figure 4.16. Finally, the relative errors &g
(4.52) and &, (4.53), resulting between the measured values and the calculated values for the

pumped flow rates, respectively for the total electrical power absorbed in the pumping station, are
calculated.
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Fig. 4.16. Logic diagram of solution determination - TR1 monitoring node, operation without
final consumers, with VA valve partially closed and V1-+V3 valves in normal open position

4.2.3. If the stand operates without end-users, with the VA valve in the normally
open position and the V1+V3 valves partially closed



In cele ce urmeazi, standul experimental functioneazi astfel:
e no end-users - with consumers' taps C1+C3 turned off, in which case the flow consumed is

zero: Qcp =Qcp =Qc3=0;

e with the VA valve (valve located upstream of the suction line) in the normally open position,
in which case the local hydraulic pressure drop coefficient has the value given in Table 4.1:

CVA = 04 ,

e with V1+V3 valves (valves located immediately upstream of the suction section of each
pump) partially closed, simultaneously or in turn (one or two out of three), in which case
the local hydraulic pressure drop coefficients Cyq;Cy2;Cy3 have unknown values, which

must be calculated.

In this case, the operation of the stand depends on 7 unknown guantities, namely: the
pumped flow rates Q; +Qs; and the local hydraulic head loss coefficients: Cyg at the control

valve VR and & +{y3 at the valves V1+V3 - to determine their values, 7 equations are
needed. So, in addition to the 6 laws of energies already written - the f; + f5-functions

defined by (4.45)+(4.50), another law of energies must be added, for example Bernoulli's
relation written on the hydraulic discharge circuit, between the node where the pressure
transducer TR1 is located and a point on the free surface of the reservoir R, as follows:

14
Hirrry = Hig +0.5MgQf + Mg(Qy +Q, > +hy o +[|\/|9r +>'M J}QTZ =0 (4.54)
j=10

where the hydrodynamic loads at node TR1 and at the free reservoir surface R are defined in
(4.5); at the free reservoir surface R, the water velocity is assumed to be zero and the relative
pressure is also zero, R being open at atmospheric pressure.

With these considerations, Bernoulli's relation (4.54) between TR1 and R is rewritten in
the form of the function f; =0, as follows:

f7 :(MC8Q12 +%+ ZTle_ZR ~0.5MgQf - M9(Q1+Q2)2 B
y 2 (4.55)
_h|AT_ M9r+ZMi QT:O

j=10

where Mg :0.0826/ Dy is the kinetic modulus calculated with the diameter of the pipe with

index j = 8, on which the pressure transducer TR1 is located (the calculation is made under the
assumption of hydraulically short pipes).

The system of 7 strongly nonlinear equations, formed by the functions (4.45)-+(4.50) and
(4.55), has 7 unknowns (Q; +Qs3,Cyr,&y1+Ey3). The solution of the system of equations



{f,=0;..; f; =0} can be obtained using the specialized function fsolve in MATLAB. Knowing

the solution of the above system of equations, one can calculate the parameters defining the
energy and cavitation operation of the pumps P1+P3, according to the logic scheme illustrated
in Figure 4.17. In this case too, the relative errors gg (4.52) and g (4.53) are calculated at the

end.

When the V1+V3 valves are not operated simultaneously, the system is simplified as
follows:

e if only one pump suction valve Vi is operated partially closed, (where i takes a single value
from the crowd {1; 2; 3}), and the other 2 valves Vk (where k € {1; 2; 3} and k # i), are in
the normally open position, then the system reduces to 5 equations with 5 unknowns
(Q; +Q3,8yr,Eyi); for the 2 valves kept open, the value of the local hydraulic pressure drop

coefficients G, is taken as 0.4, as in Table 4.1;

e if two valves Vi (where i takes two values from the crowd {1; 2; 3}) are operated (partially
closed), and the third valve Vk (where k € {1; 2; 3} and k = i) is in the normally open
position, then the system reduces to 6 equations with 6 unknowns (pumped flows Q; + Q3 ,

two coefficients C; and the coefficient (g ); for the valve kept open, the value of the

coefficient ¢, is taken as 0.4, as in Table 4.1.
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Fig. 4.17. Logic diagram for determining the solutions - monitoring node TR1, operation without
final consumers, with valve VA in the normally open position and with valves V1+V3 partially
closed



4.2.4. Case where the monitoring node is TR1 and the stand operates without end-
users, with the VA and V1+V3 valves partially closed

In cele ce urmeaza, standul experimental functioneaza astfel:
e no end-users - with consumers' taps C1+C3 turned off, in which case the flow consumed is

zero: Qc; =Qc2 =Qc3 =0;
e with valve VA partially closed, in which case the local hydraulic pressure drop coefficient
Cya has an unknown value, which has to be calculated;

e with partially closed V1+V3 valves, simultaneously or in turn (one or two out of three), in
which case the &y4; &y »; Gy 3 coefficients have unknown values, which must be calculated.

In this case, the operation of the stand depends on 8 unknown quantities, namely:
pumped flow rates Q; +Qz and local hydraulic head loss coefficients: (g at the VR control

valve, y, at the VA valve and §; +Cy3 at the valves V1+V3 - to determine their values, 8
equations are needed. In addition to the 7 energy laws already written - the f; + f; -functions

defined by (4.45)-+(4.50) and (4.55), another energy law has to be added, for example Bernoulli's
relation written on the hydraulic suction circuit, between a point on the free surface of the
reservoir R and the node where the pressure transducer TRa is located, as follows:

Hig = Hirg (Mg + Mg + Mg, ) Q2 + Mg(Q +Q, ) +0.5M;Q2 =0 (4.56)

where the hydrodynamic loads at the free surface of the reservoir R and at the node TRa are
defined in (4.5). Bernoulli's relation (4.56) between R and TRa is rewritten as function fg =0 ,

as follows:

fg=1zg —(Mlez + p;;a + ZTRa]_(M4 + Mg + Mg, ) Q% —Mg(Q+Q, ) —0.5M,QZ =0 (4.57)

where M, :0.0826/D§1 is the kinetic modulus calculated with the diameter of the pipe with

index j = 7, on which the pressure transducer TRa is located.

The system of 8 strongly nonlinear equations formed by the functions (4.45)+(4.50),
(4.55) and (4.57), has 8 unknowns (Q; +Qs,&yr,Cya,Cyv1+Cy3)- Solution of the equation
system {f; =0; ..., fg=0} an be obtained using the specialized MATLAB function fsolve.
Knowing the solution of the above system of equations, one can calculate the parameters that
define the energy and cavitation operation of the pumps P1+P3, according to the logic scheme
illustrated in Figure 4.18. In this case too, the relative errors g (4.52) and g, (4.53) are

calculated at the end.
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Fig. 4.18. Logic diagram for determining the solutions - monitoring node TR1, operation
without final consumers, with VA and V1+V3 valves partially closed

If the V1+V3 valves are not operated simultaneously, the system is simplified as
explained in subchapter 4.2.3, respectively reduced to 6 equations with 6 unknowns if only one
pump suction valve is operated (partially closed), respectively reduced to 7 equations with 7
unknowns if two pump suction valves are partially closed.

4.2.5. If the monitoring node is TR1 and the stand is working with end-users, with
VA and V1+V3 valves partially closed

Here's how the experimental stand works:
e with final consumers - with consumer taps C1+C3 partially closed, in which case the
consumed flow rates Qg1 +Qc3 are measured by the volumetric method using water meters

AC1+AC3 and the local hydraulic head loss coefficients {cq; Cco; Ec3 have unknown values,

which have to be calculated;
e with valve VA partially closed, in which case the local hydraulic pressure drop coefficient
Cya has an unknown value, which has to be calculated;

e with V1+V3 valves partially closed, simultaneously or in turn (one or two out of three), in
which case the &,,q; &y »; Gy 3 coefficients have unknown values, which must be calculated.

For the case of consumer operation, the continuity equation at tank R is written as
follows:



Qr =Qc1+Qc2+Qc3+Qus (4.58)

where Qcq, Qco and Qg3 are the flows consumed in the end nodes (nodes j =29-+31 in Figure
2.17) - these "consumed" flows are returned to the reservoir through a collecting gutter.

In this general case, where all VR, VA, V1+V3 valves and C1+C3 valves are operated
within the stand, the operation of the stand depends on 11 unknown gquantities, namely: the
pumped flow rates Q; + Qg and the local hydraulic head loss coefficients, namely: &,r at the

VR control valve, ¢, at the VA valve(y; +Cy5 at the V1+V3 valves and {qq + (3 at the

C1+C3 valves; to determine their values, 11 equations are needed.

The f; + f3-functions previously defined by (4.45)+(4.47) remain valid for operation

with end consumers [] these functions represent 3 energy laws, written between node 19 (SP
inlet) and node 24 (SP outlet), passing through each pump P1+P3. Also, Bernoulli's relation
between R and TRa, defined by the fg-function (4.57), remains valid. On the other hand, the

energy laws (4.48)+(4.50) and (4.55), expressed by f, + f;-functions, have to be rewritten
taking into account the continuity equation (4.58), in which the consumed flows Qg; +Qc3
appear. This results in the following 4 new functions, denoted fq + f;, (these will replace the
previous functions f, + f;):

e energy laws from R, passing through each pump P1+P3 and returning back to R:

fo—> fg=a - —b-Qf —(My+Ms + Mgz + Mg +Myg)QF —hy o7 —
~M11(Qr —Qc1 )’ ~Myp(Qr — Q1 - Qco f -
~(M13+ My JQr - Qe —Qcz - Qea ) -
~(Mg+Mg)Q+Q,F — (M7 + My +Mg)Qf =0

fs — f10Za'rzz—b'sz—(M4+M5+M6a+M9r+M10)QT2—h|AT -
~My(Qr = Qerf = M1p(Qr —Qey —Qcaf - (4.60)
—(M13+ My Qr - Qe — Qe —Qca) -
—(Mg+Mg)Q +Q,F —M,Q5 =0

fg—> fiy=a-1 —b-Qf —(My +Ms + Mgy + Mg, +Myo)QF —hy op —
~My3(Qr = Qc1)’ ~M1p(Qr —Qc; —Qc, f - (4.61)
—(My3+ My, XQr —Qc1 —Qcs — Qea)f’ —M4Q5 =0

e Bernoulli's relation between TR1 and R;:

(4.59)



f; —> fi, Z(Mchlz +%+ ZTRlJ_ ZR _O-5M8Q12 - Mg(Ql +Q2)2 -

~(Mgy +M;0)Qf =y sr =My (Qr = Qe ) - (4.62)
~M12(Qr —Qc1 ~Qc2f* ~ My + Mys XQr = Qcy —Qcp — Qca)’ =0
In addition to the 8 laws of energies already written - the functions f; + f;, fg and

fq + f1,, defined by (4.45)+(4.47), (4.57) and (4.59)+(4.62), 3 more energy laws must be added

to get the total of 11 equations needed. For example, Bernoulli's relationships written on the
hydraulic discharge circuit between the node where the pressure transducer TR1 is located and
the orifice where the water jet exits from each consumer C1+C3 (nodes j=29+31 ) can be

added as follows:

Hprry = Hiog +0.5MgQ7 + Mg(Q +Q2)2 +(Mg, +My)Q2 + hyar +
+M15QE1 + hypes

Hirry = Hngo + 0.5MgQf + Mg(Q + Q) + (Mg +Myg)QF +hy 57 +
+My(Qr —Qc1)2 +M36QE +hy AC2

Hirry = Hnag + 0.5MgQ7 + Mg (Qu +Q, F +(Mgr +Myg)QF +hy or +
+My3(Qr —Qerf +Myp(Qr —Qer — Qca )/ + M17QE5 + hy pcg

(4.63)

where the hydrodynamic loads at node TR1 and at the ports C1+C3 are defined in (4.5).

Because the water jets flow at atmospheric pressure, the relative pressure is zero immediately
downstream of the j=29+31-port section. The local hydraulic head losses through the

AC1+AC3 gauges, denoted hy,-; +h o5 » are described in terms of the flow rates consumed
Qc1 +Qcz by the polynomial regression curve (4.23). The hydraulic resistance modules
M5 +M; are defined by the relations (4.25), which also include the unknown coefficients
Cc1 + 3 related to local hydraulic head losses at C1+C3 consumers.

The Bernoulli relations (4.63) between TR1 and each consumer C1+C3 also take into
account the continuity equation (4.58) fitted to the flow in j =25+ 27index nodes (Figures 2.17

and 4.14). The relations (4.63) are rewritten as f;3 + f;5 functions, as follows:

fi3= [MCBQlZ * % * ZTle B (M c15Qc2:1 + 229)_ 0.5MgQf' - Mo(Qu+Q, )2 - (4.64)

~(Mg; +My) QF - hiat — M15Qé, — hy ac1 =0



ha = (MCSQE " % * ZTle - (M 016Q62 + 230)— 0.5MgQf — Mg(Q +Q, ) -

(4.65)
_(M9r + Mlo)QT2 —Pyar — Mll(QT —Q01)2 - M16Qé2 —hiac2 =0
hs = (MCSQE " % " ZTRJ - (M 017 Q3+ 231)— 0.5MgQf7 —Mg(Q +Q, f -
~ (Mg +Myg)QF - My ar = M12(Qr ~Qer) - (4.66)

~Mpp(Qr —Qc1 —Qca)* —My7QE5 Ny ac3 =0

where MCj = 0.0826/Dj" is the kinetic modulus calculated with the diameter of the pipe with

index j=15+17, at the end of which the consumer under consideration is located (Figure 2.17).

The system of 11 strongly nonlinear equations, formed by the functions (4.45)+(4.47),
(4.57), (4.59)+(4.62) and (4.64)+(4.66), has 11 unknowns
(Q+Q3,8r CyasCv1+Cy3,8c1 +Cc3)- The solution of the system of 11 equations can be

obtained using the function fsolve in MATLAB..

Knowing the solution of the above system of equations, one can calculate the
parameters defining the energy and cavitation operation of P1+P3 pumps (as in subchapter
4.2.1), according to the logic scheme illustrated in Figure 4.19. The final result is the relative
errors eq (4.52) and g (4.53).

The case described above is the most general and complicated case - practically all
VR, VA, V1+V3 valves and C1+C3 taps are operated within the stand in some partially closed
position. For simpler cases, where the VA and V1+V3 valves are not operated
simultaneously, the calculation will be done in a simplified way, following the corresponding
methodology described in one of the subchapters 4.2.1+4.2.4, by reducing the number of
equations and the number of unknowns in the system of 11 equations attached to the operation
with final consumers. If any of the valves C1+C3 is closed, the system of 11 equations is
reduced in the sense that the equation corresponding to the valve (end-user) kept closed is
removed from (4.64)+(4.66), i.e. the flow corresponding to the closed valve is cancelled from
both the continuity equation (4.58) and the energy laws (4.59)+(4.62)



(
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Fig. 4.19. Logic diagram for determining the solutions - monitoring node TR1, operation with
end consumers, with VA and V1+V3 valves partially closed



5. Experimental study of the energy and cavitation operation
of pumps in the pumping station, without consumers, with
prescribed pressure (PSP) at the transducer TR1 in the
pumping station

5.1. Types of experimental tests performed

In order to study the energetic and cavitational operation of the pumps, we carried out several
series of experiments, modifying the conditions on the hydraulic suction circuit, at different
stages of the experimental stand, as follows. The pumps were tested both individually and
coupled in parallel. The hydraulic installation was operated without consumers. All measured
and calculated data are inserted in APPENDIX A, consisting of Annexes A1+A7.

® between september 2018 and september 2019, the stand was controlled by the
"Megacontrol” automatic control system (Figure 2.7), the stand was equipped with Danfoss
frequency converters (Figure 2.8); the control was carried out on the basis of the relative
pressure values prg; recorded by the TR1 transducer mounted on the delivery bus of the
pumping station (Figures 2. 6 and 2.17); the pumped flow rate was regulated through the VR
valve mounted on the delivery pipe with index j = 14; the tests were carried out without final
consumers; in this configuration, we carried out 4 test campaigns:

(AL; A2) for the first 2 test campaigns, carried out in September 2018 (see Appendices Al and
A2) we installed a small diameter suction line - a DN40 pipe (denoted by j = 5 in the
diagram in Figure 2.17) with inner diameter D; = 29 mm and length Lg =13.44 m; the VA
valve on the suction pipe with j = 4 (at the outlet of the tank) was kept in a fully open
position; these were the only tests in which, during cavitations, we also measured the
vibration velocity v, [mm/s] on the pipes next to the suction flange of each pump (on suction
pipes with index j = 1a+3a in Figure 2. 17); the pumps were operated in parallel coupled on
"automatic' mode, according to the algorithm implemented in the automation, so one, two
or all 3 pumps were operated, depending on the required total flow rate Q; (according to the
position of the regulating valve VR) so that the prescribed pressure (Pressure Set Point,
noted ppgp ) Was maintained (reached);

% The experimental stand was designed/built in compliance with the standards in force [ANSI 9.6.6., 2016;
ISO 5198, 1987; 1SO 5199, 2002; I1SO 9906, 2012; 1SO 9908, 1993; STAS 8804/8-1992]. The measuring
instruments were installed/used according to standards [IEC 62828-1, 2017; IEC 62828-2, 2017; 1SO
4064-5, 2014; 1SO 20816-1, 2016; NML 003-05, 2005].



(A3; A4) for the third and fourth test campaigns, carried out between July and September 2019
(see Appendices A3 and A4), we used a large diameter suction line - a DN63 pipe (j =5 in
Figure 2.17), with internal diameter D; = 45.8 mm and length Ls =13.44 m; the pumps were

operated individually, by settings imposed by means of buttons directly on the frequency
converters; only one pump was tested for cavitation (flow being regulated with VR valve),
and the other 2 pumps were switched off (by permutations, all pumps were tested
individually); except for 2 tests performed with pump P2 at variable speed (“automatic”
mode), the rest of the tests of the running pumps (P1, or P2, or P3) were performed at constant
speed ("manual” mode), equal to the rated speed; the cavitational regime was established
either by partially closing the VA valve on the suction line with j = 4 (at the outlet of the
reservoir) or by partially closing the valve at the inlet of the pump on the suction line with
the index j = 1a (valve V1), or 1b (valve V2), or 1c (valve V3), as appropriate

@ from July to November 2020, the stand was controlled by Mitsubishi Electric PLC FX5U-
32M (Figure 3.4), the stand was equipped with Mitsubishi frequency converters (Figure 3.6);
the control was based on the relative pressure values prg; recorded by the TR1 transducer
mounted on the delivery bus of the pumping station (Figures 2.6 and 2. 17); the large diameter
suction line - DN63 pipe (j = 5 in figure 2.17) with internal diameter Dy =45.8 mm and length
Ls =13.44 m was used; the pumped flow rate was regulated by the VR valve mounted on the

discharge line with index j = 14; the tests were carried out without final consumers; also in this
configuration we carried out 2 test campaigns (fifth and sixth):

(A5; AB) for the fifth test campaign, carried out in July 2020 (Annexes A5 and A6), we carried
out 2 sets of tests:

o first, the pumps were operated individually, through settings imposed in "manual” mode
(Figure 3.15) (see Appendix A5); only one pump was tested in cavitating mode, and the
other 2 pumps were kept closed (through permutations, all pumps were tested
individually); the tests were carried out by partially closing the VR valve on the
reservoir, then the VR valve was held still and the suction valve on the operating pump
(as appropriate, V1:V3) was gradually closed; after completing this type of test, we
vented the pumps (when pumps operate in cavitation, air vapour accumulates behind the
mechanical seal);

e next, pump P2 was first tested in "automatic” mode (variable speed) and pumps P1 and P3
were switched off; then 2 pumps (pumps P1 and P2) were tested in parallel, both in
"automatic™ mode, and pump P3 was switched off; finally, all 3 pumps were tested in
parallel, in "automatic” mode (Appendix A6); the tests were carried out by partially
closing the VR valve on the tank, then the VR valve was held stationary and the V1:V3
valves on the suction side of the operating pump/pumps (one, two or three valves as
appropriate) were gradually closed;

(A7) for the sixth test campaign, carried out in November 2020 (see Appendix A7), the 3
pumps were tested in parallel, in "automatic" mode, by partially closing the VR and VA
valves (the position of these valves was changed alternately).



Depending on the level of cavitation achieved, after 6+20 points of operation in
cavitation mode, the tested pumps were vented to evacuate the air accumulated behind the
mechanical seal of each pump.

7. Conclusions

7.1. General conclusions on the results obtained

The PhD thesis "Experimental studies on the energy and cavitation performance of
parallel coupled variable speed centrifugal pumps" contributes to the improvement of pumping
station operation. The topic is of great interest in drinking water supply systems as well as in
other hydraulic networks/systems in power plants and other industrial or irrigation purposes.

Pumping systems are one of the largest "energy consumers" in the world: about 20% of
the energy produced worldwide is used to drive electric motors in pumping stations [Oikonomou
et al, 2018; Dadar et al, 2021]; worldwide, between 25% and 50% of the energy consumed in
industry corresponds to pumping in various hydraulic plants and systems [Ross, 2023]. As a
result, reducing electricity consumption for pumping by improving the operation of pumps
remains a highly topical desideratum: improving the operation of pumping stations contributes
both to reducing electricity consumption and thus CO2 emissions and to protecting water
resources [Swietochowska & Bartkowska, 2022].

The chosen topic is a "classic” one, but it is open (being incompletely studied) and timely
in the context of current efforts related to pumping efficiency. | have identified the topicality of
the topic and the opportunity to study it in my professional activity of more than 16 years in
energy engineering, of which the last 7 years in the field of pumping stations. The problems
existing in situ in the operation of pumping stations justify the study undertaken.

In order to justify the importance of the chosen topic, in the introductory part of the
thesis, | presented in detail a case study corresponding to the Seimenii Mici irrigation pumping
station (north of Cernavoda) - a modern, semi-buried pumping station, commissioned in 2015
and completely destroyed (flooded) in 2017, due to inadequate design and ignorance of the
operating staff. When the pumps were dismantled, it turned out that the impellers of the 4 pumps
had blades seriously damaged by cavitational erosion (they had portions with multiple caverns
and even perforated portions), less than a year after their commissioning!

For the study of the energetic and cavitational operation of pumps, in this thesis |
designed, built and commissioned an experimental stand in the Hydraulic Machines Laboratory
(room ELa 022) of the Department of Hydraulics, Hydraulic Machines and Environmental
Engineering, UPB. The main components of the stand were obtained through sponsorship from
the companies KSB, Multigama Tech, Multigama Service and Valrom. The core component of
the stand is the pump station (SP) with 3 variable speed pumps coupled in parallel. During the
study, we used two different automation and control systems, each with a different type of
frequency converter.

I would like to remind you that I have realized this experimental stand and carried out all
the experimental test campaigns in collaboration with my colleague, PhD student Eng. Remus
Alexandru Madularea, who also completed his PhD thesis [Mdduldrea, 2023] under the
supervision of Professor Sanda-Carmen Georgescu. The two PhD theses were carried out in
parallel and complemented each other, so that each thesis contains different sets of experimental
tests, as appropriate, with related modelling and/or numerical calculations.



In order to test the pumps in cavitating mode, we installed suction manifolds with
different diameters (DN40 and DN63) and partially closed some valves on the suction circuit.
The pumping station is equipped with insufficient measuring devices (like most urban
pumping stations), so that the recorded data available are only the relative pressure on the
discharge and suction pipelines in the SP, the speed of the pumps via frequency converters and
the electrical power absorbed by each drive motor. A water meter is installed at the outlet of the
SP, allowing the total volume of water to be metered. In the absence of flow meters inside the
pumping station, the flow rate pumped with each pump is determined on the basis of the
characteristic curves provided by the manufacturer and similarity relations.

The control of the pumps is given according to the pressure prescribed in the automation
system (Pressure Set Point - PSP), pressure that the system tries to reach and/or maintain at the
chosen monitoring point, depending on the required water flow rate (regulated by a valve marked
VR, located on the delivery line, away from the SP). Two pressure monitoring points have been
fixed in the experimental stand: one point on the delivery line of the pumping station (at the
pressure transducer marked TR1) and another point also on the delivery line, but at a distance
from the SP (at the pressure transducer marked TR2). The pressure transducer TR2 is mounted
immediately downstream of the 3 end consumers C1+C3 (3 taps), which simulates the variable
water consumption in the system. When the consumer taps (at least one of the 3 taps) are open,
the pumped water flow can be regulated by both types of valves: the main regulating valve noted
VR and the taps C1+C3. The automation system controls the operation of the pumps
(starting/switching on and varying their speed) so that the pressure measured with TR1 (or TR2)
reaches the prescribed pressure (PSP) for the required flow rate in the system.

Based on a system of nonlinear equations, based on the continuity equation in nodes, the

law of energies between system nodes and similarity relations, energy operating points were
calculated for all pumps in operation. For each pump, the calculation of the values of the NPSH
required by the pump and the NPSH available in the plant for each value of the pumped flow rate
allowed the assessment of the cavitational regime of the pumps.

During the experimental trials to study the cavitational functioning of the pumps, tests
were carried out without cavitations and with developed cavitations, respectively; some cases of
incipient cavitations were also identified. Developed cavitation was confirmed not only by
NPSH calculations, but also by its specific noise and vibrations near the pump inlet.

Incipient cavitation occurred without any visible drop in pumping head. When cavitations
developed, the pumping head drop increased sharply from almost zero to 13.6%, then increased
sharply to 65.3% simultaneously with the increase in flow. It should be pointed out that in the
experiments performed for parallel coupled pumps, fully developed cavitation started well
below the 3% limit indicated in the literature. The 3% limit is however only indicated for one
pump in operation !!! - | have not identified studies for pumps coupled in parallel). So pumps
cavitate more when coupled in parallel, than when operating in isolation.

From a mathematical point of view, the systems of nonlinear equations describing the
operation of the system and the numerical solutions obtained show that these control methods are
equivalent [Midulirea, Ciuc et al, 2019]. Experiments did not confirm this equivalence - the
results obtained in the thesis showed that the "'classical’ control method is better than the
"remote’ control method, in the sense that the *"classical’® method (TR1) ensures pump
operation with lower power consumption than the "remote’ method (TR2). However, we
have identified the advantages and disadvantages of both control methods. The experimental
trials provide enough useful data to debunk a myth that pumping stations work better if they are
remotely controlled. In the experimental stand, we observed an increase in instabilities and a



fluctuation in the pressure recorded by the TR2 pressure transducer (for the same flow rate value,
the TR1 pressure transducer recorded a stable, constant relative pressure value).

7.2. Original contributions

This PhD thesis contains the following original contributions:

e a bibliographic study in which 95 papers were analysed on the basis of 10 criteria of
interest - as a result of this study, it was found that the topic addressed in this PhD thesis is not
covered in these papers on the part of the cavitation operation of parallel coupled pumps, i.e. the
topic is insufficiently covered on the part of the energy operation of parallel coupled pumps
controlled on the basis of a method or strategy for regulating their operation; Moreover, none of
the identified works deals simultaneously with both aspects of parallel coupled pump operation,
i.e. energy and cavitation operation;

e design, construction and commissioning of an experimental stand, with a pumping group
and 3 final consumers - the experimental stand allows to carry out energy and cavitation tests of
3 multistage centrifugal pumps, driven with variable speed, coupled in parallel in a pumping
station framed in a closed circuit hydraulic installation, under conditions of variable water
demand at the consumers;

e equipping the experimental stand with measuring devices (water meters and pressure
transducers) and an automation and control panel with HMI (Human Machine Interface);

e stand control - was designed in the thesis to allow the operation of the pumps in the
pumping station to be controlled (start/stop and speed variation) according to the pressure level
recorded in one of the two monitoring nodes provided on the delivery line, namely: a node
located at the outlet of the pumping station (TR1) and a node (TR2) located at a distance from
the pumping station, immediately downstream of the final consumers;

e study of the energetic and cavitational operation of pumps coupled in parallel with
variable speed - the results obtained are new and original (no studies on such tests have been
identified); these tests were carried out without consumers and the pumping station was
controlled by the "“classical” method (TR1);

e highlighting the influence of the suction circuit on the proper operation of a pumping
station feeding a water supply network - we have analysed the problems that the energy and
cavitation operation of variable speed turbopumps poses in the operation of pumping stations,
both in individual operation and especially in parallel operation of pumps;

e study of the energy operation of parallel coupled variable speed pumps controlled by two
control methods: "classical" (TR1) and "remote” (TR2) - the results are new and original; all
experimental tests carried out for the TR2 monitoring node are a novelty in the scientific
literature; the study showed that the "classical™ method provides lower energy consumption (no
experimental studies were found to confirm this result);



e the study of the energy operation of parallel coupled, variable speed, alternately driven
pumps (in tandem TR1/TR2) - this study is a novelty in the international scientific literature.
The results of these tests and conclusions were presented on 7 July 2022 [Ciuc et al, 2022a] at
the 14th International Hydroinformatics Conference - HIC 2022 [https://hic2022.utcb.ro/]. From
the information so far, from the literature study undertaken in the thesis and from the discussions
held at the HIC 2022 conference with renowned Italian specialists (from Politehnica of Bari,
Federico 11 University of Naples and "G. d'Annunzio” University of Chieti Pescara), it has been
confirmed that there are no experimental studies conducted in the laboratory on the
operation of remotely controlled pumping stations available in the literature (it does not
mean that such experimental studies do not exist, just that if they do, the data are not
available/accessible). The discussions held confirmed that both the test methodology (proposed
and used in the thesis) and the results obtained in this thesis are new and original in the
scientific literature, and therefore represent an important contribution of the thesis. From this
point of view, in my opinion and that of the co-authors, the scientific article [Ciuc et al, 2022a]
has high potential for citation after publication in a journal.

7.3. Research perspectives

The present PhD thesis has opened up new research directions in the field of cavitation
testing of parallel coupled pumps (with constant speed, but especially with variable speed),
respectively in the control of a pumping station by an automation and control system. In the
following, I list some of the research perspectives, which can be continued on the same
experimental stand:

e it is possible to extend all cavitational tests with "remote™ control of the pumps, choosing
as monitoring node, the node where the TR2 pressure transducer is already located (in the thesis,
these tests were controlled strictly by the "classical™ method with the TR1 pressure transducer);

e all cavitational tests with variable water flow imposed on final consumers can be
extended (in the thesis, these tests were performed without consumers);

e all energy tests of pumps with both control methods (“classical” - TR1 and "remote" -
TR2) can be extended to verify the conclusion obtained in this thesis; the results obtained are
novel and further study is needed;

¢ the experimental stand can be equipped with flow meters (to reduce errors in determining
flow rates using the volumetric method related to water meters); the experimental stand can be
equipped with vibration transducers (very useful for detecting cavitations) - in any variant of
upgrading the equipment of the stand, the experimental tests can be resumed.
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