ENERGY RECOVERY DURING PUMP TESTING BY
REPLACING VALVE WITH PUMP AS TURBINE

A DISSERTATION

Submitted in partial fulfillment of the
requirements for the award of the degree
of
MASTER OF TECHNOLOGY
in
WATER RESOURCES DEVELOPMENT
(MECHANICAL)

By

RAJAN MAN SHRESTHA

DEPARTMENT OF WATER RESOURCES DEVELOPMENT & MANAGEMENT
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE - 247 667 (INDIA)

JUNE, 2005



CANDIDATE’S DECLARATION

[ hereby declare that the dissertation titled “Energy Recovery During Pump Testing
by Replacing Valve with Pump as Turbine ” which is being submitted in partial
fulfillment of the requirement for the award of Degree of Master of Technology in
Water Resources Development (Mechanical) at department of Water Resources
Development and Management (WRD&M), Indian Institute of Technology, Roorkee
is an authentic record of my own work carried out during the period of July 2004 to
June 2005 under the supervision and guidance of Professor Devadutta Das,

WRD&M, 11T, Roorkee and Professor Gopal Chauhan, WRD&M, 1IT, Roorkee.

I have not submitted the matter embodied in this dissertation for the award of any

other degree.

Place: Roorkee.

Dated: June, 2005 Rajan Man Shrestha

This is to certify that the above statement made by the candidature is correct to the

best of our knowlcdge.

N Qg ot (Z) o

Gopal Chauhan Devadutta Das
Professor WRD&M Professor WRD&M
[IT, Roorkee IIT, Roorkee

Roorkee-247667, India Roorkee-247667, India



| ACKNOWLEDGMENT

I express my deep sense of respect and gratitude to Prof. Devadutta Das and Prof. fGopai
Chauhan, Department of Water Resources Development and Management; Indian Institute
of Technology Roorkee, for their thorough guidance in bringing out this Dissertation.
They have been constant source of inspiration -and encouragements; the valuable hours of
discussions and suggestions that I have from them have undoubtedly helpéd me in
supplementing my thoughts in right directions for attaining the desired objectives of .
completing this Dissertation in its present form. Working under their guidance will always

remain a cherished experience in my memory and I will revere it throughout my life.

I express my sincere gratitude to Dr. J.T. Kshirsagar, Associate Vice-President, Kirloskar
Brothers Limited, Pune for providing me with valuable suggestions, information and time.
I am highly indebted to him for promptly and tirelessly answering my queries. Thanks are

also due to Mr. S. N. Shukla, Manager, Kirloskar Brothers Limited, Pune for providing

necessary reference materials.

Thanks to all faculty of WRDM for their encouragement, constructive criticisms and
suggestions. Their keen sense of duty has contributed directly or indifectly in a significant

manner towards completion of this Dissertation.

[ am indebted to Government of India for providing financial support to pursue M. Tech in

IIT, Roorkee, India under TCS Colombo Plan.

My special thanks are due to my colleagues for creating friendly environment both in

classes and outside throughout the period of my study in IfT, Roorkee.

I highly appreciate co-operation extended to me by all the staffs of River Engineering Lab.

and Computer Lab., WRDM, IIT Roorkee during experiment and compilation of this

dissertation.

I am also thankful to my parents, sister and relatives for their whole-hearted support and

encouragement.

1IT, Roorkee, India, (Rajan Man Shrestha)
Dated: June, 2005

i



CONTENTS

CANDIDATE DECLARATION
ACKNOWLEDGEMENT
CONTENTS |

LIST OF FIUGRES

LIST OF NOTATIONS

LIST OF TABLES

SYNOPSIS

CHAPTERS |

1  INTRODUCTION

1.1
1.2
1.3
1.4
1.5

GENERAL -

NECESSITY OF ENERGY RECOVERY
UTILITY OF WORK

AIMS AND SCOPE OF PRESENT WORK
ORGANIZATION OF DISSERTATION

2 LITERATURE REVIEW

2.1
2.2
23
24

GENERAL .
PUMP AS TURBINE

USE OF PUMP AS TURBINE IN ENERGY RECOVERY
SUMMARY

3 THEORETICAL CON SIDERATIONS

3.1

.PUMP AND ITS CHARACTERISTICS

3.1.1 Pump ‘
3.1.2 Study of Characteristics of Retodynamic Pumps

il

PAGE No.
1

ii
il
Vi
X
Xi

xii

- 1-1
1-1
1-2

1-3
1-4

2-1
2-1
22
2-13
2-16

ERE
3-1
3.1



3.2 VALVE AND ITS CHARACTERISTICS
3.2.1 Valve l'
3.2.2 ‘Study of Characteristics of Valves
3.3 TURBINE AND ITS CHARACTERISTICS
3.3.1 Turbine
3. 3 2 Study of Characteristics of Turbmes
3.4 REPLICATION OF VALVE CHARACTERISTICS BY
TURBINES

EXPERIMENTAL SET-UP AND TEST RESULTS
4.1 DESCRIPTION OF EXPERIMENTAL SET-UP

4.1.1 . Specification of Pump.and Prime-mover (Motor)
4.1.2 Specification of Pump Used as Turbine
a) Pump one (PAT 1)
b) Pump two (PAT 2)
4.1.3 Specification of Generator
- a) Generator o
4.2 EXPERIMENTAL PROCEDURE
4.3 EXi’ERIMEN’I_‘AL DATA AND BASIS FOR CALCULATION
4.3.1 Venturimeter Flow Calculation
4.3.2 Calculation of Power Input to turbit;e
4.3.3 Calculation of Power Generated by Génerator A
4.3.4 Calculation of Power Qutput of Turbine _
4.3.5 Calculation of Efficiency
44 TEST RESULTS‘

DISCUSSION ON EXPERIMENTAL RESULTS AND ITS
IMPLICATIONS

5.1 DISCUSSION OF TEST RESULTS
5.2 BRANCH-LINE PUMPING SYSTEM

iv

3-10
3-10
3-12
3-19
3-19
320
3-26

4]

4-1
4-4
4-5
4-5
4-5

. 4-6
46

47
4-9

4-11
4-11

4-11 ~

4-12
4-12



5.3 CONCLUSION FROM TEST RESULTS AND FLOW
THROUGH BRANCH PIPE

5.4 DESIGN OF ENERGY RECOVERY SYSTEM FOR 24UPH3
PUMP '

5.5 EFFICIENCY OF ENERGY RECOVERY

CONCLUSIONS AND RECOMMENDATIONS
6.1 CONCLUSIONS
6.2 RECOMMENDATIONS

REFERENCES
APPENDIX A1 -
APPENDIX B1

5-17

6-1
6-1

62 -



List of Figures

2.1
2.2
23
2.4
2.5
2.6 °
2.7
2.8
2.9

2.10
2:11
3.1

3.2

33
3.4
3.5
36
3.7
3.8
39
3.10
3.11
3.12

3.13

3.14
- 3.15

Description

Complete pump chafacteristics, double suction pump; Ns =1800
Complete pump characteristics, mixed flow pump; Ny=7500
Complete pump characteristics, axial flow pump; Ny=13500

Specific speed at different rpm

. Specific speed versus site discharge

Specific speed versus correction factors for head and discharge
Head correction factor versus pump head

Discharge correction factor versus pump discharge

Nomogram for selection of head and discharge of pump used in turbine

mode

Overall performance of the turbine in non-dimensional parameter
Experimental and predicted head/ﬂow curves for the turbine
Velocity diagram for radial flow impéller

Euler’s head-capacity characteristics

Power balance for double suction pumps at best 'efﬁciency
Head-capacity curves for several specific speeds
Efficiency-capacity curves for several specific speeds
Power-capacity cu-rves for several specific speeds

Head-capacity curve for Ns= 1800 pump

Head-capacity curve for Ns= 7500 pﬁmp

Head-capaéity curve for Ns= 13500 pump

Construction of system total head curves for various valves openings

Different types of valve characteristics

Approximate effect of partial opening on pressure-loss coefficient of

gate valve

Approximate effect of partial opening on resistance coefficient of

butterfly valves
Inherent flow characteristics of valves
Relationship between flow rate, valve opening position, and pressure

Joss in pumping system

vi

2-12
2-15
33
3-4
3-5
3-5
3-6
3-6
3-9
39
3-10
3-12-
3-13
3-15

3-16

3-16
3-17 .



3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

49

4.10
4.11
4.12
5.1
5.2

5.3

5.4
5.5

H-Q curve of pump, systeni rcsistance‘ and fixed head

Head lost by valve at various flow rate

Vector diaérams for Francis turbine

Friction less and shock less performance of turbihe and pump
Performance of turbine and pump mode including hydraulic losses
H-Q Curve for turbine and pump mode

H-Q curve for Ns=1800 pump as turbine at various speeds

H-Q curve for Ns=7500 pump as turbine at various speeds

H-Q curve for Ns=13500 pump as turbine at various speeds

H-Q valve at different openings and turbines in various combinations
Working range of pump as turbine Ns=1800

Working range of pump as turbine Ns=7500

Working range of pump as turbine Ns=13500

Experimental set-up for pump-testing uéing pump as turbine (PATSs)
Experimental set-up for pump-testing using valve

KS4 Kirloskar’s centrifugal pump with Fr. MKH: 132 induction motor

Venturimeter and mercury manometer

- NW4+ Kirloskar’s centrifugal pump (used as turbine)

Voltas centrifugal pump (used as turbine)
Kirloskar pump used as turbine for flow regulation and driving

generator

Voltas pump used as turbine for flow regulation and driving generator

‘Gate valve used for pump testing

H-Q curve of test pump by valve

H-Q curve of test pump by two turbines .

H-Q curve of test pump by valve and two turbines superimposed
Closed-loop pump system with branch lines

System-head curves for pump and branch lines shown with all valves
open |

System-head curves for pump and branch line shown with different

~ combination of open valves

A typical arrangement for testing pump using turbines in parallel

Performance curve of 24UPH3 pump at 725 rpm

vii

3-18
3-18
321
3-22
3-23
3-24
3-24
3-25
3-25

13226

3-27
3-28
3-28
4-2
4-3
46
4-7
4-7
4-8

" 4-9

4-10
4-10
4:14
4-14
4-15
5-2
5-3

5-4

5-5
5-6



5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13

5.14

5.15

5.16

5.17
5.18
5.19

5.20

H-Q curves of test pump and valve at different closure positions.
Performance curves of CORNELL model 10TR1-4 pump as turbine
H-Q curve of recovery system (Gturbines operating) and valve at fuil
open position .

H-Q curve of recovery system (6 turbines operating) and flow

 distribution in turbines

H-Q curve of recovery system (5 turbines operating) and valve at partial
open position

H-Q curve of recovery system (5 turbines operating) and flow
distribution in turbines |

H-Q curve of recovery system (4 turbines operating) and valve at partial
open position

H-Q curve of recovery system (4 turbines operating) and flow
distribution in turbines -

H-Q curve 6f recovery system (3 turbines operating) and valve at partial
open position

H-Q curve of recovery system (3 turbines operating) and flow
distribution in turbines |

H-Q curve of recovery system (2 turbines operating) and valve at partial
open position |

H-Q curve of recovery system (2 turbines operating) and flow
distribution in turbines ,

H-Q curve of recovery system (1 turbine operating) and valve at partial )
open position

H-Q curve of recovery system (1 turbine opefating) and flow
distribution in turbines

Energy recovery system that tests 24UPH3 pump

viil

5-7

5-8

5-9

5-9

5-10

5-11

5-13

5-14

5-14

5-15



List of Notations (Symbols)

- S.No. Notation
: ) ,
2 ay
3 ay
4 | bhp
5 Cq
6 Ch
7 Cq
8 Cur
9 Cu
10 Cm
11 ‘CV'
12 - D
13 g
14  H
15 He
16 Hy
17 “Hpp
18 Hupwp)
19 H iy
20 H,
21 " Ah
22 1
23 K
24 K,
25 ki
" 26 ky
27 ‘N
28 Nsp

Details
turbine model constant
inlet area of venturimetere (mz)
throat area of venturimeter (ﬁlz)
braké horse power o '

coefficient of discharge

conversion factor for head

conversion factor for flow

component of absolute velocity of flow in impeller direction
at inlet of pump and out let of turbine (rh/s)

component of absolute velocity of flow in impeller direction
at outlet of pump and inlet of turbine (m/s)

radial or meridian velocity (m/s)

- coefficient of discharge for venturimeter

diameter of impeller or runner (m)
acceleration due to gravity (m/s?)
total head (m) o
Euler head (m)

normal turbine head ()

normal pump head (m)

nominal pump head at pump speed (m)

nominal pump head at turbine (PAT) speed (m) o
design head for turbine (m) |
head loss (in)

current in (A)

pressure loss coefficient

pressure-loss coefficient for partly open valves
constant

constant

speed of pump or turbine ( rpm)

specific speed of pump

IX




29
30
31
32
33
34
35
36
37

38

39
40
41
42
43
44

45

46

47
49
© 50
51
52
53
54

Nt

Ni

n,

n

P

Ap
Q-

Q
an(np)
an(m)
I |
r

S

T

TDH

up

‘speci-ﬁc speed of turbine

speed of turbine (rpm)

nominal pump speed (rpm)

nominal turbine speed (rpm)

Power (W)

pressure loss (N/m?)

dischafg,e in m/s

design discharge for turbine (PAT) (m’/s)
nominal pump flow at phmp-speed n, (m*/s)
nominal pump flow at turbine (PAT) speed n (m%/s)
outer radius of turbine runner (m)

inner radius of turbine runner (m)

number of stage of pump as turbine

- torque (N-m)

total differential head (m)

peripheral velocity of impeller at inlet of pump and outlet of
turbine (1h/s)

peripheral velocity of impeller at outlet of pump and inlet of
turbinc (m/s)

voltage ( Volt)

height of mercury dolunln (m)

density of fluid (Kg/m”.

efficiency

blade angle of pump at outlet (degree) -
angular velocity (rad/s)

specific weight of mercury (N/m?)

specific weight of water (N/m*)



List of Tables

S — e ———— N

MI_(_: Description : Page No.
4.1  Measurements of Experiment done with PAT 1 4-12
4.2 Measurements of Experiment done with PAT 2 ' 4-12
4.3 Measurement of Experiment done with valve Test result of head 4-12
44 . Calculated values of discharge, power and efficiency (PAT 1) 4-13
4.5 Calculated values of discharge, power and efficiency (PAT 2) 4-13
4.6 Calculated values of head and discharge( by valve) ‘ ' - 4-13
5.1 Values of resistance coefficient at different valve closure positions 5-7
52 Power out-put and efficiency of energy recovéry at various 5-17

c¢ombinations of turbines (PATSs) operation

xi



“SYNOPSIS

The pumps are hydro mechanical devices that transfer mechanical energy from some
external sources to the liquid flowing through it. They have wide spread use and are
produced in a seemingly endless variety of sizes and types. They are applied to an
apparently endless variety of services and are probably the second most common
machine in use exceeded in number by the electric motors. Such extensive éoverage

has required the establishment of theoretical analysis and to be supported by graphical

representation of actual test.

Pump manufacturers test run their product to confirm and to verify whether the
predicted characteristics. match with the actual. The pumps that are tested can be very
large and require more power and time. Valves are used in a shop performance test
that alters the variable friction-head portion of the total system head curve and
consequently the pump flow. Most of energy developed by pump, during test, in form
of head and discharge is dissipated in valve. It is worthwhile to recover a portion of
th}is_ energy by .replacing valve with pump as turbine that is going un-harnessed,
pérticularlfy because pumps have been used as turbines for power generation for many
years in the field of small hydropower devélopment. Pumps are readily available and
many sizes are stock items and are several generations ahead of conventional turbines
in cost reduction. They are less Sophistiéated, easy to install, maintain, simpler to

operate and are readily available in a broader range of configurations than

conventional turbines.

Study of h-q characteristic of punip as turbine, at certain speed, shows similarity with
the h-q characteristic of valve at a certain valve opening position. However, varying
the speed of pump operating as turbine can replicate h-q characteristic of valve to a
limited extent at different valve opening positions but not entire valve stem or
opening positions. With more number of pumps as turbines, when connected in
parallel and operated in different combinations and speed results in replication of
valve characteristics for different valve opening positions. Simultaneous operation of
pumps as turbines and speed regulation by varying loads on the energy recovery

system comprising of pumps, (in parallel) as turbines, replicates the valve

Xii



. characteristics and can replace valve used during pump testing recovering a portion of
Ie energy that is used in test.* A system is propoéed that recovers energy using reverse-
running pumps acting as turbines during perforrﬁance testing of 24UPH3 pump of
Kirloskar, India. The same system can be used- for testing pumps of different

capacities, which recovers energy during test.
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CHAPTER 1

1. INTRODUCTION

1.1 GENERAL .

Man has used energy at an increasing rate for sustenance and well being. With
industrial revolution, consumption of energy in form of fossil fuels, oil and natural
gas has increased extremely. The invitation of heat engines and the use of f63511 fuels
" made energy portable and introduced the much-needed flexibility. The flexibility was
enhanced with the discovery of electricity and the development of central power
generating stations either using fossil fuel or water supply. The increased demand of
electric poWer, with rapidly depletion of fossil fuels caused unéertaintiés about the
future availability and cost of fuel. This leads to worldwide energy crisis causing
increase in oil price. In this scenario of energy, we are forced to think in innovative

ways to use renewable energy and to recover energy in every possible manner.

Industries are éonstantly looking for opportunities to reduce cost and increase
productivity in addition to more effective methods to better integrate their operation to
reduce energy 'wastage. In many industrial processes, the liquid remains at a higher
pressure even after it has completed its utility in the process ‘and has to be brought
down to a lower pressure before further processing. The conventional method'ié to
passes through a pressure-reducing valve to affect the required pressure drop. Instead
of loosing the capacity of the high-pressure liquid, which is capable of work, an
economically and environmentally attractive alternative is to install an energy

recovery turbine at lower point and turn waste energy into electricity.

.Similarly, pump manufacturer test run their product to confirm the design condition.
| Energy developed by pump in form of pressure head and discharge is dissipated by
valves during test. Recovery of energy replacing throttle valve or orifice by turbines is
the beneficial use .of head and discharge energy available that would otherwise
dissipated. Technologies that recover energy reduce the cost and consumption of

energy. The recaptured energy is potentially useful for driving pump or other piece of

1-1



INTRQDUCTION

rotating equipment. The recovered energy can also be used for heating and/or cooling,
i dehumidifying outdoor air brought into a building/factory for ventilation, space

heating, lighting, water heating and many more.

1.2 NECESSITY OF ENERGY RECOVERY

~ There are many irrigation canals, wastewater treatment plants, cooling system in
thermal power stgtions where hydraulic energy is dissipated or otherwise wasted.
Pressure reducing valves, free discharge valves, etc waste energy [12]. Indusfrial -
processes where energy is reduced in pressure reducing valves are cryogenic system,
petrochemical refinery processes and seawater desalination [1]. Similarly large

amount of energy is used in hydraulic laboratory during testing of hydraulic machines

is dissipated in valves.

There has been increasing gap between energyvsupply and demand and this energy
deficit is increasing alarmingly. The increasing demand and cost of energy can be
- tackled by using energy in efficient and effective ways. Energy recovery is oﬁe of the
ways of efficiently utilizing energy. Energy recovery during pump- testing, seawater
desalination, petrochemical refinery process and cryogenic system will confribute

significantly to cost reduction and energy utilization.

1.3 UTILITY OF WORK

- Evaluations of performance of newly designed and manufactured pumps are done by
test running them at their design speed and out put. The pumps that are to be tested
can be very large and require more power. Valves are used to change the system head
for the purpose of varying the pump flow during a shop performance test. Once the

flow enters the valve, most of the energy that the pump develops in the form of head

and discharge is wasted.

‘Previous works on energy recovery focus on recovering energy using pump as turbine
from constant head and discharge rather than replacing valve totally by turbinés in
parallel. Replica}ion of valve characteristics by turbines in parallel can regulate flow
through them while evaluating the performance of the test pump and recovering at

least a part of energy that is being wasted.

1-2



INTRODUCTION

Centrifugal pumps as turbines may be used to advantage as valve for flow regulations
when they are run in parallel. Energy recovery generally deals with small power
generation. Design and construction of suftabie turbines for small power generation is
associated with- difficulties. It is therefore worthwhile to investigate the use of
relatively cheaper, volume produced and in varieties, centrifugal pumps as turbine and
their operation in parallel. Tiie advantage of using the centrifugal pump has is low
capital cost and disadvantage lies in fixed guide apparatus. At a time, when industrial
production is affected to a great extent because of high power cost and shortage, -
employing pumps as turbines operating them in parallel for flow regulation and power
generation can be of important use. Industries that deal with hydraulic machines use
large amount of power while testing hydraulic machines that they manufacture. The
energy which is going waste can be exploited by employing suitable numbers of _
pumps to run as turbine in parallel. With the power recovered, it can be used for

various purposes from heating to supplement the power requirement of industries.

Another example is in water supply pipelines where pressure available is very high;
pumps as turbines in parallel may be implemented for flow regulation and pressure

release récovefing energy which would be wasted by valve in the process of pressure

release.

1.4 AIMS AND SCOPE OF PRESENT WORK

When proto type pﬁmps are tested to confirm their head-capacity, power out put and
efficiency, a large amount of energy is used in developing head and discharge. This
energy, which in form of pressure head and discharge, is dissipated in form of heat
ohce it passes th'rough flow regulating valve. So a huge amount of energy and money
is spent in testing pumps. If the developed head and discharge could be used for

power generation, it would contribute to cost reduction in significant manner.

This work is carried out to study the possibility of replacing valve by pump working
as turbine. If gangs of pumps, which work in parallel, as turbines could replicate valve
characteristics; théy can regulate. flow and help recovery energy, which is otherwise

wasted.



INTRODUCTION

The present work emphasizes on following studies.

Study of various perfonhance curves of different types of pumps
Study of characteristics performance of valves for various opening positions
Study of characteristics performance of puinp as turbine

Study to find out whether the turbine can replicate valve characteristics and

can be used in pump testing

Designing an energy recovery system that test performance of pumps

1.5 ORGANIZATION OF DISSERTATION

The study is organized to achieve its objectives in six chapters. The contents in this

dissertation are presented briefly as following chapters.

Chapter —1  is an introduction. It gives general information about need of using

pump as turbine in flow regulation. It also deals with the problem

definition and objective of present study.

. Chapter —2 is literature review. It studies the works done in using pump as

turbine and use of pump as turbine in pressure regulation and.

energy recovery.

Chapter —3 studies characteristics of pumps, valves, pump as turbine and

theoretically considers replication of valve characteristics by pump

as turbine.

Chapter —4 is experimental set-up and test results.

"Chapter — 5 discusses results of tests and their implication for designing test

system that recovers energy.

Chapter — 6  is conclusions of the study along with recommendations.

1-4



CHAPTER 2

2. LITERATURE REVIEW

2.1 GENERAL

Apart from normal operation of pumps in their usual head-capacity and speed range,
some of the specidl o‘perating condition are unavoidable, others occurs accidentally,
and still others' can be reproduced only in the laboratory or they develop during a
transient period while changing from one state to another. Operation of a centrifugal
pump as a hydraulic turbine, behavior of a pump in the event of power failure, or

starting a pump running in reverse are example of unusual operating conditions [17].

Centrifugal pump as turbine is long being used as power recovery turbine in procesé '
_industries [3]. Energy has been extracted using pump in reverse mode from water

supply network where excessive pressure head was dissipated by throttling through

sluice gates or valves.

Rising energy costs and predicted energy shortages, forced industries to eye on every
possible energy resources. Use of pump as hydraulic turbine is a practical and
economical approach for\ energy generation and recovery in small scale. Multistage
radial-flow units have been used as power recovery turbine in process industries [3].
A Great interest was shown in study of operétion of centrifugal pump as hydraulic
turbine,.as centrifugal pumps may be used to advantage as small hydraulic turbines
where low initial cost is imperative. Experience and modern technology made pump
as turbine a viable alternative for small hydro plant potential and if properly selected,

pump operating in reverse yields good efficiency.

Success of pﬁmp as turbine, both technically and financially, made industries to
exploit the benefit of pump by using it in energy recovery. In conventional
liquefaction plants, the high pressure LNG is expanded in a throttling valve. The
" objective of throttling is to decrease the pressure of LNG to the levels manageable for

economic transportation and allow the refrigeration cycle to be completed. A
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throttling valve can be replaced by turbine. This way the same pressure drop can be
_exploited by producing power. An investigation of cryogenic turbine revealed that
replacing the throttling valve with the cryogenic turbine can save an LNG liquefaction

plant about half a million dollars a year in electricity costs [13].

A major operating cost of South African deep gold mines is refrigeration, which is
mainly done with water piped down the mines. The descent of the water releases large
amounts of potent;ial energy. This energy is either dissipated into heat by pressure
release valves or can be party be recovered with energy recovery equipment such as
turbines. A study finds and proposed a system that useé a reverse-running multistage
pump acting as a turbine to do simultaneous pressure regulation and pressure recovery
in secondary cooling water system in deep mines. The turbine drives a standard motor

that acts a generator. A constant drop across the system is maintained with bypass and

inline valves [1].

2.2 PUMPS AS TURBINE ‘

In 1931 Kittredge, C. P. and Thoma published an article on “Centrifugal Pump
Operated Under Abnormal Condition’ [8]. The paper described experiments carried on
with a small puﬁlp for the purpose of obtaining performance characteristics from
which the behavior of the pump during sudden changed of operating conditions could
be predicted. In these experiments the pump was operated under condition of negative

head, delivery, and speed, in addition to the normal range of performance.

As an outgrowth of the work, a series of investigation was undertaken in the.
hydraulics laboratories of the California Institute of Technology under the direction of
Knapp, R. T. and in his paper “Complete Characteristics of Centrifugal Pumps and
Their Use in the Prediction of Transient Behavior” [10] describe the technique of
determining the complete characteristics of a hydraulic machine such as a centrifugal
pump or a turbine, together with a method of presenting these characteristics in a
convenient manner on single diagram. It has been found that the possible operating
conditions of hydraulic turbine and centrifugal pump when compared, the pumps are

subjected to much wider and more involved variation than are the turbines, especially
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2-3

Fig.. 2.1 Complete pump characteristics, double suction pump; N,=1800 (FPS unit) (Stepanoff, A. J) 117}

VAN I %y -
NN W -4 - | -— 1884
PR S mid] = 4 =513
_/nm AN .M — 4 udsm
X TN Yok SpF 2 S X X TEE
AN =8 &3l - 595
R Al xRN\ SSR S+ E\a -] SSER =2
N\ W \ Fov 2y -~ = % Fw D.a. . &
NOARNDRNTA NN S§S £ <3| _# §8g.83
AN DN NI WA I o 8717 ve =t u- 3CZ88%
N J!// Y /%\/ L “ “.m.ﬂlwo.w . Ix ~ m.m_..m.,m.m.T.
=\ = - t &Y ;
ANNNN NVNN NN N 5 O8] .. 4 = o 3 GziE ¢
J?!/f vl/} Iv/ rJ/ A < + * 4 < 8 2 1
-/ / I/V l// \ / /!/ NP /}//QA/ — : ” < v”H * m m © .M
A Wk N\ Y N Py — ) + .8
i N 7// lﬂ” A VIJJ, A\ AN 2 M - d S .W..M
N N\ NNNRNAR LIS o 18 =il § 2
\ \ N Y EAN AN SN N (N B —T4 &
A\ N / /V N I/ A Kﬂ h 14_// ~J N+
WA ANUIRNVINA S RN RAN N [
/ i AN NOSOY, b 2 o[ 3 TS .m.@kljﬂbn-ln..n\_.l'ﬂ\, 2
Y 7 Y DN AN VAN AT I N 3 2 YA R Il e o
, 3 N -
( ] / I ol Ao .Jﬂ. N < NS [T~ = N ~ - QQ.F
AN\VENWY AN NN S 23 S A N D N A S S o Ly ] ]
2 ~ < ~ 3 et —
\ZT\ / N YN AN [ r7 NESNEE Y - x I No N IS =T or; H\U“m
AT \V1/ NININT 3B AN A R IS SN 1S S N L 03— w0
- £ AN R S ~ h = e e e
ﬂ\ / \ =[x A R~ R S —t =< T =
AT A e Vi BNAULNEENER W ~ S L ==
T " Y NP Y NN TS et %y
\ /12 ZHEERW 1 add=a\ b L e = SRR
| 9% 1 \.m/a.l.lllh ANTA N IN T\ i /tﬂ\ - < /l/ - T 1 o 3= .\lWNM.I‘.I
8 i M TALY [N\ Y NN NN . <l TIng=
S B 4\\ s OIV\ b P S vﬁ.ll p RESW. R han
Py v ’ \\ A ’ N : n2 mﬁ( - “ l\P \JI \:ﬁW\lr
R - p L3 ) ~ (N + L O 1 L
B AT PR A TR T
* C
ay ~F 3 R o
/] 2\ \ N Y T ~ |
_ N\ 17 [ VAR EAVL AN ~ . e~ AT L wi 1
-— =1~ . I~ =~ ™~ ~ o,
EADAESEEEENAND a DA Ak e
N S\ AN N U -4 = vA ~ 1oz 4
NS ~ 13 ™ og+— - P R~ S Tor 2 & N
N N NA [ i i G Y e e e A [N i e o S o i el e o e J-’Edo ~ 4 -~
= o5+ N s T ] ] =17 4 Q\i\ ~
N N N s e o = T AL oz =
I N et < - P 4 o =
- (7200 S o o 2 R o — ) o ey 08+
N NG LN ™~ D ST e 5. A
AN = N 004+ = — pou Y i ¢ = 441 g = T~
N P ~ [ g % AL -
I Nt 1 GZl+ P S = SR [ R S Ny gy - +100
N ,JI ~ P = = I T X 1
- [ i = I o = 1 ¢ ] -
By &ﬂl L T N — 3 = e ) gl = m
= lIle '+ ll‘J ™t ] m ol I e a2
=gz LT e =4 = o = =
B P —t — = [ 72 28—
%052+ - .ll == i 002 s
P 3 [t 1 _II*WWNNH




LITERATURE REVIEW

o
1

i g
. ~
4 '\\\ //

/Y

o/

Fig. 2.2 Complete pump characteristics, mixed flow pump; N,=7500 (FPS unit) (Stepanoff, AJd) [17]
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13500 (FPS unit) (Stepanoff, A.J) [17}

Fig. 2.3 Complete pump characteristics, axial flow pump; N,
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during the transient states of staring, stopping, or emergency operation. In order to
graphiéally presé"nt the various operation conditions, the test results were presented on .
a single four-quadrant diagram having aé coordinates the discharge and the speed. Fig.
+ 2.1, 22 and 2.3 are complete characteristic curves presented on a single four-
quadrant diagram for pump of specific speed 1800, 7500 and ~13500 (FPS unit)
respectively. The data are presented as series of contour curves of constant values of

head and torque, the full lines being of constant head and the dotted ones lines of

constant torque. .

t Kittredge, C. P. in his article “Centrifugal Pumps Used as Hydraulic turbines” [9]
~ describes that centrifugal pumps may be used to advantage as hydraulic turbines in
. applications where the required power is rather small and low initial cost is more
' important than high efﬁcif_:ncy. An estimate of the performance of a centrifugal pump
~ when used as a turbine can be made from published curves of complete characteristics
for typical pumps. His paper presents some of the available data on pumps and shows

how to select a pump that will meet specified requirement when used as a turbine.

Chapallaz, J. M. in . GTZ publication titled “Manual on Pumps Used as Turbines” [2]
provides a practical method to select a pump as turbine for a specific purpose. The
application of pﬁmps as turbines is not yet as widespread as the use of the same
machine in its normal operation; performance curves are usually available for the
pump mode. Methods to predict turbine mode performance from pump mode data
have been developed. But due to the different pump designs, none of the methods
developed so far are 100% reliable and errors fromi predicted to actual flow and head
in turbine mode may be as high as 10% or more. The man'ual' presents a pump
selection method to use as turbine based on two parameters of the pump mode
performance; they are, best efficiency and specific speed. Specific speed is a measure
for the shape of the runner; efﬁciency may représent the different design features of a

machine including the volute casing, which plays an important role in the turbine

mode.

The selection charts presented in the manual are based on more than 80 tests results
and considerable amount of documents and data on pump operated as turbines has

been gathered and incorporated critically.
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Summary of the selection procedure of pump as turbine based on reference [2] is as

follows;

After finding head and discharge of site and deciding the speed of turbine, specific

speed is found By following equation.

N.tl = Nl \/'Q—’

34
H

whefe,
Ny is specific speed of turbine
Q design discharge for turbine (m?/s)

H; is design head for turbine (m)

N, speed of turbine (rpm)
turbine specific speed is converted into pump by using relation
N N - .
P T T et ete e 2.2
0.89 _

where, 0.89 is a coefficient found from several tests and is relation between turbine -
and pump-mode specific speed which take fairly constant value that i-s, 0.89

Using pump specific speed and efficiency, conversion factors for head Cy, and flow Cq

is found and using following relation conversion from turbiﬁe design conditions into

pump condition is obtained.

e 23
H,,,, : :
& = Cq .............................. e 24
an

where, Hy, and Hy,, are nominal turbine head and nominal pump head in metres, Qu
and Qup are nominal turbine flow and pump flow in m>/s respectively.

Nominal pump head at turbine speed n, is given by

H :
H = 25
np(n,) Ch :
Nominal pump flow at turbine speed
9,
Q"p("') = —é'_L ............... e e 26

q
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Fig. Al shows the conversion factors for head and flow and are dependent on specific

speed and efficiency of pump. .

Converting pump design condition at turbine rated speed into pump rated speed

Nominal pump head at pump speed 7,

* Nominal pump flow at pump speed 1,

= ¥ 22 < | 2.8
Oupln,) = Popln) gl BRI :

!

Saini, R. P. and Ahmed, N. [15] in their paber titled “Method for Selection of Pumps
used in Turbine Mode” presented a nomogram developed on the basis of actﬁal test
. data of c_e'ntrifugal pumps in turbine mode. The nomogram avoids lot of calculation
work required in selection of pumps for turbine use; it has be.en found that the

- nomogram could be a good tool to assist selection of pumps for turbine applications.

The nomogram has been developed on the basis of actual test data obtained by
conducting test on different sizes pumps in turbine mode, ranging specific speed form

10 to 300 (metric). The specific speed N; in metric unit was computed using the

following equatton.

: _NYJo,
Specific Speed N = O 2.9

0.75
T

The best efficiency point of pumps in turbine mode has been determined and

subsequently conversion factors for head and discharge were determined using

 following equations.

Conversioh factor for head 4 = He o 2.10
p
And
Conversion factor for dis#:harge, q= 9 . 2.11
p
Where,

N are rpm of machine
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Hris head on machine in turbine mode at best efficiency point (m)

Hp is head on machine in pumﬁ mode at best efficiency point (m)

Qris discharge through machine in turbine mode at best efficiency point (m’/s)

Qp is discharge through machine in pump mode at best efficiency point (m’/s)

Finally plots of conversion factors versus specific speed have been prepared and other

parameters required for selection of pumps were computed and plotted in different

figures.
Nomogram comprises the following components.

Fig. 2.4 shows the specific speed of pumps computed using Eq. 2.9 af different rpm
(750 rpm, 1000rpm, 1500rpm and 3000rpm) '

Fig. 2.5 shows the specific speed versus site discharge plots. Different plots in the
figure are drawn corresponding to different vélues of site head, ranging from 5.0m to
150.0m. . ‘

Fig. 2.6 shows the relAationship of specific speed versus correction factors for head and
discharge, determined by using Eqs 2. 10 and 2.11 Curve (h) and (q) correspond to the
correction factor for head and discharge respectively. . |

Fig. 2.7 shows the relationship between the pump head and correction factor for head.
The curves in the figure corresponding to different values of site heads, ranging from
5m-to 150m.

Fig. 2.8 shows the relationship between the pump discharge and correction factor for
discharge. The curves cdrresponding to different values of sites discharge, ranging .

form Olps to 5001ps.
1. Take the value of given site head and site discharge (e.g., H,=50m,

O, =150Ips). Draw a line parallel to X-axis through the given discharge on Y

axis in Fig. 2.9 and locate the point in the corresponding curve head.

2. Draw an upward vertical line form the located point to intersect the specific
speed scale for given rpm of the generator (N=1500). The value will be the
specific speed of turbine (N, = 40). “ ‘

3. Take this values of specific speed (N, = 40) on X axis of the Fig. 2.9. Now '

draw an upward vertical line from this point to cut the correction factor curves

(h) and (q) for head and discharge. The located point on curve (h).will
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correspond to the correction factor for head and the point located on curve (q)

will correspond to the correction factor for discharge (h=1.41 and q= 1.23)
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4. To determine the required head of the pump draw a horizontal line through,
the located point on head cosrection factor curve (h). locate the point on the
curve corresponding to site head. Now draw vertical line through this located
point to ineet at X axis. This point will give the value of required head of the -

pump (H ,=35m).

5. Similarly to determination the required discharge of the pump, draw a
horizontal line through the located point on discharge correction factor curve
(q). locate the point on the curve corresponding to site discharge. Now draw
downward vertical lin€ through'this located point to meet X-axis. This point

will give the value of required discharge of the pump (Q,, =125lps).

The paper titled “Experimental and Numerical Studies on a Pump as a turbine” [16]
presents finding from the experimental work at IWK, University of Karlsruhe,
Germany and the computational fluid dynamics (CFD) studies at Kirloskar Brothers,
Pune_, India. The experiment work throws light on overall performance of the pump in
turbine mode, whereas CFD analysis brings out details of flow pattern throughout the
geometry. The experiment was carried out.with single staged, end-suction standard
centrifugal pump with a medium specific speed (35 rpm-SI). The impeller diameter
wés 206 mm with 8 radial vanes. In pump mode, the best efficiency flow was 25.4 U/s
at 12.8 m head, and efficiency was 77% at 1500 rpm. The test was carried out at .
different operating speeds. The characteristics were determined for the whole
operating range starting from no Joad to maximum load reached in the running
condition. The maximum load was limited by the input energy supplied as well as the
loading limit of the DC Generator. The experimental characteristics were determined
at five different operating speeds, namely 900rpm, 1\000 rpm, 1200 rpm and 1300 rpm
covering all regions of operation. The maximum efficiency achieved was over 80%

for most of the operating speeds. The over all performance was converted to non-
dimensional I;arameters namely the Discharge numberQ/ND*, Head
number gH / N Z'DZ, and Power number P/ pN’D’ . The value of peak efficiency at
different operating speeds was different but occu_rred at a constant Q/ ND? of ©0.152’.
The 7,.. for 900 rpm, 1000 rpm, 1100 rpm, 1200 rpm and 1300 rpm were 79.7%,

79.7%, 80.1%, and 81.3% respectively. The curves presented the remarkable
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collapsibility of the various constant speed curves. Fig. 2.10 is overall performance of

the turbine in non-dimensional parameter.
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Fig. 2.10 Overall performance of the turbine in non-dimensional parameter (Singh, P.) [16]

Pumps are designed as fluid movers. However, pumps have been used as turbines for
power generation for many years. Industrial power recovery instillations have been
the most prevalent. A familiarity with pumps and a concern for reducing process
energy consumption also has been a contributing factor for using pump as power

generating unit [11].

In an application of a pump used as a fluid mover, the liquid enters the suction part at
lower pressure, absorbs shaft work in the impeller, and leaves the discharge nozzle at
high pressure. When a pump is used as a turbine, the liquid enters at high pressure,

drives the impeller in reverse, and leaves at a lower pressure [3].

A basic difference between conventional pumps and hydraulic turbines is that pumps
generally do not have a flow control device. Pumps are usually designed for a specific
total dynamic head and discharge requirement. Thus, pumps as turbines are best

suited to constant flow applications [3].
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As centrifugal pumps are designed as fluid movefs, tﬁey may be less efficient as
hydraulic turbines than equipment exclusively designed for that purpose. However,
using pumps as turbine§ have the advantage of being mass-produced in many .
countries. Pumps are readily available and many sizes are stock items. Pumps are
several generatioh ahead of conventional turbines in cost reduction; they are less
'sophistic‘ated, 'eavsy to install and maintain, and simpler to operate. They are readily
available in a broader range of configurations than conventional turbine. When used
with an integral induction motor, they can be installed as a combines turbines and
generator unit. From the experiences we have no doubt that a pump can be operated
as a power generating unit and our concerns are moré related to equipment
application, efficiencies, operating range, cavitation characteristics, t'ransients, costs,
etc [3]. ' |

2.3 USE OF PUMP AS TURBINE IN ENERGY RECOVERY

Pacific Pumps in their - publication titled ‘;_Hydraulic Power Recovery Turbines
(HPRT)”[14] states that HPRT is an alternative drive» for pumps and other rotating
equipment in very selective apbﬁcati_ons. HPRT are centrifugal pumps that have been
modified mechanically to opérate with rotation reversed and modified hydraulically to
'accept reverse flow. System flow in HPRT should be such that flow through it is
never less than the minimum specified. Constant speed units generally require at least
QO percent of the desigxl ﬂov;/ to prevent noise or overheating. Also flow less than
" about 40 percent of design flow will create a drag on the auxiliary drivers. The
minimum flow fequired will be reduced if an over —running clutch is used or variable

speed operation is contemplated.

The paper compares the performance characteristics of an HPRT typical of current
instillation in process plants with the characteristics of the same machine functioning
as a pump; both maéhines are assumed to have a best efficiency of 80 percent. The
most obvious difference between the pump and the HPRT is the reverse trend of the
head-capacity curve. Beyond the flow correspondihg to zero brake horsepow_ef (bhp)
output, the HPRT total Differential Head (TDH) rises rapidly with increasing flow
and the HPRT bhp output curve also rises with increasing flow more rapidly. The,. '

paper also states that the typical HPRT performance change with speed and diameter
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of impeller. The change in performance characteristics can be determined by using
Pump “Affinity Laws.” That is any given flow will vary as the ratio of speeds; TDH

will vary as the ratio of speed squared; and bhp will vary as the ratio of speed cubed.

Q',*N2 = Oy e e 2.12
Nl
N .
TDH, *[—J = TDH oo, 2.13
N .
N 3 .
bhp,*(i) =OAP, 2,14

But it is less effective to change speed to reduce TDH at a fixed flow corresponding to
best efficiency point. The only significant change in TDH occurs at low flows where
an HPRT is usually not operated. The head-capacity curves tend to converge into

common curve in the range of normal HPRT operation regardless of speed change.

Antwerpen Van H. J. and G.P. Greyvenstein in their paper titled “Use of turbines for
simultaneous pressure regulation and recovery in secondary cooling water systems in
* deep mines™[1] proposed a system that uses a reversé—running multistage pump acting
as a turbine to do simultaneous pressure regulation and energy recovery in secondary
. cooling water system in deep mines. The turbine drives a standard induction motor
. that acts as a generator. A constant drop across the system is maintained with bypass
and inline valves. As operation requirement demands, the pressure relief system that
change its own pressure drop characteristic according to the down stream flow
demand, so that the down stream pressure remains constant. The two viable options
-are to regulate the pressure by varying the turbine speed or to operate the turbine at

constant speed with inline and bypass pressure regulating valves.

In variable turbine speed system, the flow rate is varied while the pressure drop is
kept constant at 30m. To vary the flow rate at 30 n head, the turbine speed has to vary
from 2200 Tpm for 151/3 to 900 rpm for 31 I/s. Characteristics of turbine at speed other

than synchronous speed is obtained by usmg mathematical turbine model. The model
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is relationship between the head/speed/flow (11, N, Q) of a reverse running pump and

is given as

He=s(a1Q” — asON + asN)oooeoo 2.15

Where, a;. as and a3 are empirical constants and s the number of stages.

The turbine model is demonstrated by fitting it to experimentally determined
characteristics. Fig. 2.11 is predicted head/flow data fitted with experimental
head/flow curves at various spéeds. Variation of speed is viable by using a doubly fed
induction generator system in which the exacting frequency changed according to the

rotation speed in order to always maintain the synchronous output frequency.

In constant turbine speed system, pressure is controlled by inline and bypass pressure
reducing valves. The optimal flow rate is at 28 1/s and for flow rate less than optimal,
an inline valve is needed to sustain the reduced pressure drop. A flow rate larger than
optimal, the turbine pressure drop exceeds 30 m so that a bypass valve is required as
in the case with the variable speed system. At low flow rates, when the turbine is shut

down, the inline pressure-reducing valve also acts as an isolating valve.

Study indicates that the variable speed system has a marginally wider peak cfficiency
range, while the constant speed system has a wider low cfficiency range, so

depending on the shape of the flow volume/ flow rate distribution, one may recover

more encrgy with one configuration than with the other.
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2.4 SUMMARY

Above literature review over last decades reveals lack of study in energy recovery
" during pump testing by replacin»g valve with pﬁmp as turbine. In the line of above,
energy recovery based ‘on using pump as turbine during pump-testing is placed a
premium scope to asses the suitability of energy recovery in hydraulic machinery
industries; success of it enables loWering the testing cost and energy demand of.

hydraulic machinery industries. The same system can be used for flow regulation in

water supply networks while generating energy.

In this endeavor, a sincere effort has been made in subsequent chapters to analyze the
suitability of using pump as turbine in regulating flow and using it in pump testing to

TECOVET energy.



CHAPTER 3

3. THEORETICAL CONSIDERATIONS

3.1 PUMP AND ITS CHARACTERISTICS
3.1.1 Pump '

Pump is a mechanical device, which:‘ transfers mechanical energy from some external
sources to the liquid flowing -throﬁgh it. It operates by creating a pressﬁre difference
betweeh the suction side and the delivery side of the rﬁoving element, which may be
piston or impeller. Thus the puinp increases the energy of the liquid that may be used.
to lift the liquid from low level to a high level or for dehverlng liquids from a region
of low pressure to high pressure and to overcome the hydraulic resistance of the
delivery pipeline. It is also used for pumping llquld from higher level to a lower leve] -

through a long pipeline of very high hydraulic resistance like oil pipelines.

There are various types of pumps and are Acla'ssiﬁed on the basis of the appliéation
they serve, like: the material from which they are constructed, the liquids they handle,
and even the orientation in space. But the more basic form of classification based on
. the pr1ncnple by which energy is added to the fluid, goes on to 1dent1fy the means by '
which this principle is 1mplemented _

e Dynamic, in which energy is continuously added to increase the ﬂuld
velocities within the machine to value in excess of those occurring at the
discharge such that subsequent.velocity reduction within or beyondfhe pump
produces a pressure. ,

. VDisplacément, in which energy is periodicaliy added by application of force to

" one or more movable boundaries of any desired number of enclosed, fluid
containing VOlumés, resulting in direct increase in pressure up to the value
required nioving the fluid through valves or ports into the discharge line.

The positive displacement pumps, working on the principle of displ’aicing the fluid are
not suitable for operating them as turbine and hence this dlscussmn on pumps ‘and

their characteristics has been conﬁned to rotodynamlc pumps.
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Rotodynamic pumps are divided into several varieties, but classification based on low:
specific speed pumps, medium speciﬁc speed pumps and high specific speed. pumps
and depending upon the direction of flow through the impeller of the pump,
centrifugal pump (where flow is nearly radiél),'the,propeller pumps (where flow is
nearly axial) and the mixed flow. bump (where the flow is characterized by radial and 4

axial) have relevance to the present discussion.

- 3.1.2 Study of Characteristics of Rotodynamic Pumps

a) Ideal pump

i An ideal impeller contains a very large numbers of vanes of infinitesimal thickness.
. The particles of an ideal fluid mov_e exactly parallel to such vane surface without

- friction. An analysis of power transmitted to an ideal fluid by such an impeller leads

- to Euler’s phmp equation.

H, =28 A0 3.1

g g
. Where,

. H, is Euler head and is the work done on a unit weight of the fluid by the iimpel'lerA.
Uy is the peripheral velocity of i’lﬁpeller at outlet

~ u, is the peripheral velocity of impeller at inlet

. Cy 1S coxﬁpoﬁent of absolute velocity of flow in impeller direction at inlet

¢,, is’component of absolute velocity of flow in impeller direction at outlet

. gis acceleration due to gravity

The second term in Euler’s equation frequently is small compared to the first term and

may be neglected so that The Euler equation becomes

Fig. 3.1 shows the peripheral velocity u of any point on a vane and w is the velocity
of a fluid particle relative to the vane as seen by an observer attached to and moving

- with the vane. The absolute velocity of a fluid particle, ¢, is the vector sum of u

3-2
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andw. The subscripts 1 and 2 refer to the entrance and exit cross sections. of the

passages.

(a)
wy
< wo Cy -
% s o B -
L f s —l B l - - l
Cuy wuzﬁ ) Cu, wy, =~

EXIT VELOCITY TRIANGLE ENTRANCE VELOCITY TRIANGLE

Fig.3.1 Velocity diagram for radial flow impeller (Karassik) | 6]

The absolute velocity ¢ may be resolved into the meridian or radial velocity, c,, , and

the peripheral velocity ¢, . From the geometry of the figure

c
w Uy — TR, 33
tan 3,
thus,
2 ] )
g o=t M 3.4
g gtanp,

Neglecting leakage flow, the meridian velocity c, must be proportional the capacity .

Q. With the additional assumption of constant impclier speed, the above equation (eq.

no. 4) becomes

H, =k -k0...c..... SRR 3.5

In which k, and k,are constant with the value of %, dependent on the value of the

vane angle B3, Fig 3. 2 shows the Euler head-capacity characteristics for the three
possible condltlons on the vane angles at exit B2, The second telm in equation no. 1

may be treated in like manner to the foregoing and included in equatlons no. 4 and 5.
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. 2
The effect on Fig. 3. 2 would be to change the value of H, =¥ n QO=0and the

slopes of the lines but all head-capacity characteristics would remain straight line.

] ' ~~ B2>90°
e

He‘ / .

// RISING CHARACTERISTIC

ra : : :
-~ FLAT CHARACTERISTIC

B, =90°

STEEP CHARACTERISTIC

B,< 90°
0 - ‘ —P

Fig. 3.2 Euler’s head-capacity characteristics. (Karassik) | 6]

" b) Real pump |
The vanes of real pumps impellers. have finite thickness and are relatively widely
spaced. Fluid does not flow parallel to the vane surface even at the point of the best
‘, efﬁéiency so that the conditions required fof Euler’s equation are not fulfilled. The
head-capacity curve of an idealized pump is though a straight line; the shape of the
head-capacity curve of an actual pump is determined by 1) The Mechanical efficiency
which accounts for the bearing, stuffing box, and all disk friction losses including
wearing rings and balancing disk or drum .if present. 2) The volumetric efficiency,
accounts for leakage through the wearing rings, internal labyrinths, balancing dévices,
~and ‘glands. 3) The hydraulic efficiency, accounts for fluid friction losses in all |
fhrough-ﬂow péssages, including the suction elbow or nozzle, impeller, diffusion
vanes, volute casing, and the crossover passage of multistage pumps. The head is
always less than predicted by Euler’s equation and the head-capacity characteristics
frequently in an irregular curve. -Analyses so far have failed to’ predict the
characteristics of real pumps with requisite accuracy so that graphical representation

of actual test is in common use. Fig.3. 3 show an estimate of the losses from various

sources.
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Fig. 3.3 Power balance for double suction purmps at best efficiency. (Stepanoff, A. J.) [ 17 ]

Fig. 3.4, 3.5 and 3.6 shows head-capacity, efficiency and brake horsepower curves

normalized on the conditions of best efficiency and for wide range of specific speeds.

These curves are applicable to pumps of any size because absolute magnitudes have
been eliminated.

2.00 Y N )
i ng= 900 DOUBLE
. 2 1500 SUCTION
1.80+ 3 . 2200
_ 4 3000
5 4000
1.60 6 5700 SINGLE .
£ 7 9200 SUCTION
T 140 - -
a 1.20 .
< .
u
T
100 .
i
0.80 3 7
5
0.60 1 1 L

[ | 1
0 025 050 075 100 125 150
CAPACITY, q 2 Q/Qn

Fig. no. 34 Head-capacity curves for several specific speeds (FPS unit), (Stepanoff, A. J.) [ 17 ]
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Fig. 3.5 Efficiency-capacity curves for several specific speeds(FPS unit). (Stepanoff, A. J.) [ 17 |
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Fig. 3.6 Power-capacity curves for several specific speeds(FPS unit ) (Stepanoff, A. J.) { 17 ]
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i) Affinity Law

- The variation of head, capacity, and power with speed follows‘ definite rules know as
affinity laws which states when speed (N) is changed, capaéit}_; (Q) varies diregtly as
the speed; the head (H) varies directly as the square of the speed and power (P) varies
directly as the cube of the speed. The cube of the speed is based on the assumption

that efficiency stays constant with speed for each p.oint. The affinity laws are

exbressed by the following equations

ii) Model law _
The variation of speed (N), cabacity (Q), and power (P) with impeller di’a'meter (D) of -
two geometrically similar pumijs follows definite rules know as model laws which
states at constant head, when impeller diameter is changed, capacity varies directly as
squafe of the impeller diameter; the speed varies inversely as the impeller diameter,
power varies directly as the'square of the impeller diameter. The model laws are

éxpressed by the following equations

¢) Specific speed
Kinematic specific speed [5) of a rotodynamic pump is defined as the speed of

homologous pump that delivers unit discharge (1 nlj/s) against unit head (1 m). It is

expressed as
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 Dynamic specific speed [5] of a rotaodynamic pump is defined as the speed of
homologous pump capable of raising .075m’/s to a height of 1 meter absorbing a

power of one metric horse power. It is expressed as
N~ P

no= \/? ...... TR T T TT T PPP TR 3.9
(H)?

The relation between the kinematic specific speéd and dynamic specific speed is Eq.
33

-

Dynamic specific speed(n;) =3.65N \/?/ .............. 3.10
. H"™

Spec‘iﬁc speed as defined by ISI [5] is the speed expressed in rpm of an imaginary
pump (proto model) geometrically similar in every respect to actual pump under
consideration and which is capable of raising 75 kg (75 liters) of ;Jva'ter per second to a
height of 1 meter .The specific speed n; is a useful dimensional parameter for
classifying the overall geometry and performance characteristics of impellers. It can

be show that in dimensionless form the specific speed #;is given by equation

71‘ = N-*\/—QT .............................................. 3 11
T gyt
n = N\/FS ................................................. 3.12
(gH)!

When N is in rpm, Q in gpm, and H in feet (that is in FPS unit). Conversion to SI

* units may be accomplished by following relation.

m ’

.ong= 51.64r'pm—yi ....................................... 3.13
» m’

Predication of pump behavior from theoretical consideration alone is impossible.
Therefore, for solution of such problems one has to rely on experimental results.

Knapp conducted several investigations at the California Institute of Technology.

Fig. 3. 7, Fig.3.8, and Fig. 3. 9 show the characteristics of pumps whose specific’
speed Ny=1800 (FPS unit), Ns=7500 (FPS unit) and Ng=13500 (FPS unit) obtained

from complete characteristics curve in Fig.2.1, 2.2 and 2.3 respectively.
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Fig. 3. 7 Head-capacity curve for Ns= 1800 pump (FPS unit). (Stepanoff, A. J.) | 17 ]
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Fig. 3..8 Head-capacity curve for Ns= 7500 pump (FPS unit). (Stepanoff ,A.J.) [ 17 ] _
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Fig. 3.9 Head-capacity curve for Ns= [3500 pump (FPS unit) (Stepanoff ,A.J) | 17 ]

'; 32 VALVES AND ITS CHARACTERISTICS
3.2.1 Valve '

Valves are the components in a fluid flow or pressure system, which regulate either
the flow or the pressure of the fluid. This duty may involve stopping.and starting
flow, controlling flow rate, diverting flow, preventing back flow, controlling pressure,
or relieving pressure. These duties are performEd by adjusting the position of closure
member in the valve. This may be done either manually or automatically; manual
operation includes operation of the valve by means of a manﬁally controlled power
operator. Manually operated valves are for stopping flow, controlling flow rate, and
diverting flow; and automatically operated valves for preventing back flow and
_ relieving pressure. The manually operated valves are referred to as manual valves,
while valves for the prevention of back flow and relief of pressﬁre are referred to as

check valves and pressure relief valves, respectively.

Most valves consist of a body containing a flow control element (discs, plug, gates,

etc) attached to and operated by rotation of a stem. The stem together with any stem

3-10



THEQORETICAL CONSIDERATIONS

seals is enclosed within a bérmet. The top of the stem is fitted with a hand wheel (or

lever) for rotation of the stem and some stems may have a sliding operation for quick

action.

With threaded stems, the threaded portion may be fully enclosed by the bonnet,
known as inside-screw; or exposed beyond the bonnet, known as outside-screw. The

former obviously provides maximum protection for the screw thread. Outside screws

have the advantage of being easier to lubricate.

With rising-stem valves, the hand wheel and stem together, give a visual indication of
the degree of valve opening. With a non—rising stem the hand wheel does not rise or
fall with the turning movement. The advantage of this type is that it can be installed in

situation providing only minimum headroom above the hand wheel.

Various types of bonnet may be used- e.g. screw-in, screw-on, union style and bolted
or ﬂanged bonnet. Screw-in or screw-on bonnets aré the simplest and clleapeét, but
-largely limited to smaller valve used on low—pressure services. Union. bonnets
generally provide tighter sealing and are particularly suitable for valves that are
dismantled frequently for servicing. Plain flange and male and female flanged bonnets
are generally preferred for high temperature or high-pressure valves, and also for

large sizes valves. An alternative type for high-pressure and/ or high temperature

services is the breech-lock bonnet [18].

While testing the performance of pumps, a valve or valves in the discharge line of a
centrifugal pump control/s the pump flow and consequently alters the variable
friction—head portion of the total system head curve. Fig. 3.10 illustrates the use of a -
discharge valve to change‘the system head for the purpose of vary_ing the pump flow

during shop performance test.

The maximum flow is obtained witﬁ a completely open valves and the only resistance
to flow is the friction in the pipes, fittings, and flow meter. A closed valve results in
the pump operation at shutoff conditions and produces maximuin head. Any flow
between maximum and shutoff can be obtained by propér-adjustment of the valve

opening.
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Fig. 3.10 Construction of system total head curves for various valves openings (Karassik) | 6 ]

Throttling the inlet line to the pump will reduce inlet head and cause the pump curve

to start at the same point but slope downward at a faster rate.

3.2.2 Study of Characteristics of Valves

The flow characteristics express the way in. which the flow through the valve depends
on percentage of valve stem travel. The latter may be translatory or rotary motion. A
plot of percentage of maximum flow at various percentage of stem travel is the usual

quantitative way of showing a characteristic.

The linear characteristic is a straight liAne, with ﬂow percentage always equal to stem-
travel percentage. A quick-opening Acharacteristic, on the other hand,. produces
proportionately more flow in the early stages of stem travel. An equal percentage
characteristic gi{les a change that, for a given percentage of lift, is a constant

percentage of the flow before the change.

In linear characteristic, the rate of flow change is uniform for a given stem-travel
change. But incorporation of the valve into a piping system affects the overall
char_écteristic. Since resistance to flow in a given piping, system is roughly
proportional to ,the square of the ﬂow‘rate, the curve of the piping system head loss

plotted against flow rate will be a parabola, with resistance increasing at a faster rate

312 : |
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than flow. If the piping system and valve are consider together, with the flow rate in |
the system plotted against percentage of valve-stem travel, the overall system
characteristics will differ from the valve characteristic. The overall system
characteristic is displaced upward toward the quick-opening valve characteristic but |
can have point of flexure. The amount of displacement depends on what part of the
total system pressure drop is taken by the valve. Only with a very short outlet pipe

would the valve-take the entire pressure drop, and then its characteristic would be that

of the valve.

In many systems the pressure drop across the valve is designed to be from a téﬁth toa
third of the total system-drop. If the valve in such a system has an equal-percent
characteristic, then the characteristic of the ovérall system will be close to linear as far
as the actuator of the valve is concerned. Valves with characteristic between linear
and equal percentage are also useful in modulating control. Ball, plug, and butterfly
valve are examples of valve having characteristic between . linear and equal
percentage. Butterfly valves are used in pumﬁ testing. Fig. 3.11 shows the different

flow characteristics.

100
/,
80 /‘7
% OF TOTAL SYSTEM //
z PRESSURE DROP
& 60| LQUAL PERCENTAGE /
L EQUAL-PERCEN
£ |vaALVE : /7 / / /
= LINEAR | 102040100
% 40| CHARACTER-J /L AL /.
= ISTIC~, / / /
2 Y
) 7/
0
/
/ .
o
0O 20 40 60 80 100

% TRAVEL

. Fig.3.11 Different types of valve chz‘\racteristics (Karassik) {6 |

a) Flow through valves ‘
Valves may be regarded as analogous to control orifices in which the area of opening
is readily adjustable. As such, the friction loss across the valve varies with flow, as

expressed by the general relationship:
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Ve (ARY2 oo, 3.14
2!
Vo (_81 Ap) ........................................... 3.15
4 -
where,

v is'flow velocity (m/s in ST unit)

Ah is head loss is in (m in SI unit)

Ap is pressure loss (N/m? in SI unit) ’

For any valve position, numerous relationship between flow and flow resistance have
been established, using experimentally determines resistance or flow paraméters.
Common parameters so determined are the resistance coefﬁcient K and, dependent on
the system of units, the flow coefficients C,, K, and 4,. It is standard practice, to base

these parameters on the nominal valve size.

b) Resistance coefficient
The resistance coefficient X defines the friction loss attributable to a valve in a

pipeline in terms of the velocity head or velocity pressure, as expressed by the

equations.
vioo

Ah =K — (Coherent unit)..........c.coveeeene.. 3.16
2g

-and

vip .

Ap=K 5 (Coherent unit).............ovueene 3.17

where,

p is density of fluid

g is acceleration due to gravity

Ah is head loss _

Ap is pressure loss The above equation is valid for single-phase flow 6f Newtonian

liquids and for both turbulent and laminar flow conditions.

The value of the pressure-loss coefficient of valve varies with the type of valve and,
with most types, also with size and make. The following are approximate mean range

of pressure-loss coefficients of fully open valves for conditions of fully turbulent flow

used in test of pumps.
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Gate valve, full bore:. K=0.1-0.3
Butterfly valve, dependent on blade thickness: K=02-1.5

As flow is modulated by using valve which is achieved by translatory or rotary
motion of valve stem. The pressure-loss coefficient for partly open gate and butterfly
. valves may be found by multiplying the K-values of the fully open valves with a

factor K;, which may be obtained from Fig. 3.12 and 3.13.

1\
\

: N
2 \\

1 ' \

cm%szn 02 04 0-6 o8

Fig. 3.12 Approximate effect of partial opening on pressure-loss coefficient of gate valves (Zappe R. W.} [ 19]

The relation between the pressure-loss coefficient and the valve opening position
represents the relationship between flow through the valve and the valve opening
position-oﬁ the basis of constant pressure loss in the valve. The flow characteristic
based on this relationship is referred to as inherent flow characteristic. In the case of
flow-control valves, the valve closure member and/or the valve-seat orifice are
- frequently shaped to achieve a particular inherent flow characteristic. Fig. 3.14
highlights some of the more common flow characteristics like: Quick opening (1),

Square Root (2), Linear and (3) and equal Percentage (4).

In most practical applications, ﬁowever, the pressure loss across the valve varies with -
the valve opening position. The pressure drop across the installed valve diminished
with rising flow rate, the required rate of valve opening with rising flow rate is higher
than indicated by the inherent flow characteristic. This is demonstrated for a pumping
system shown in Fig. 3.15. The lower portion of the figure shows tﬁe flow rate versus
valve opening position. The latter flow characteristic is referred to as installed flow

characteristic and it is unique for each valve instillation.
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Fig. 3.13 Approximate effect of partial opening on resistance cocfficient of butterfly valves (Zappe R. W) [ 19 |

FLOW

roy
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Fig. 3.14 Inherent flow characteristics of valves (Zappe RW)[19]

Valves are used in teSting the performance of pumps; valve regulates the flow
resulting in preésure or head developed by pump in upstrearri side of the valve. Head
developed by pump due to valve closure can be found by deducting system head loss
form the head developed by pump at that discharge. Fig. 3.16 shows the relation
between head developed by pump due to valve closure, fixed head and system head

with flow.
Fig. 3.17 is obtained by deducting system head loss and fixed head from the h-q curve

of pump. The curve shows the relation between head developed by pump due to valve

resistance or head lost in it at various discharge.
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3.3 TURBINES AND ITS CHARACTERISTICS
3.3.1 Turbine

Turbines are hydraulic machines that convert hydraulic energy into mechanical \
enefgy. Turbines are operated under variable head and flow conditions, flow though
the turbine is adjusted to either accommodate to .seasonal variation of the available ‘
water or to adjust power output according to the demand of the consumers. Adjustable
guide vanes and/or runner blades regulate the flow. Unlike pumps, flow through a
turbine is accelerated which is less subjected to turbulence; runner passage.s are
therefore relatively short which reduces friction losses and ensures high
efficiencies.The basic hydraulic theory is the same for rotational fluid machines

(pumps and turbiﬁes).

Like pumps, turbines are also classified in different ways, like:

a) Action of water on runner blades

e Reaction: In reaction turbine the wheel passages are completely filled with
water under a pressure that varies throughout -the flow. The energy of the
water leaving the stationary guide vanes and entering the runﬁer is partly
pressure energy and partly kinetic energy. During flow through the wheel both
the pressure and the absolute velocity of the water are reduced as the water
gives up.its energy to the wheel.

e Impulse turbine: In the impulse turbine the wheel passages are never
completely filled With water. Throughout the flow the water is under
atmospheric pressure. The energy of the water leaving the stationary guides
and entering the runner is all kinetic. During flow through the wheel the
absolute velocity of the water is reduced as the water gives up its kinetic

energy to the wheel. This type of turbine is more commonly known as the

Pelton wheel.

Rotodynamic pump when ‘operated as turbine acts as reaction turbine hence this

discussion on turbines and their characteristics has been confined to reaction turbines.
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b) Direction of flow in the runner

» Radial flow: Radial flow means that the path of a particle of water as it flows
through the runmer lies in a plane, which is perpendicular to the axis of
rotation. If the water enters at the inner. circumference of the runner and
discharges at the outer circumference, the turbine is called as outward flow
turbine known as the Fourneyron turbine [4]. |
If the water enters at the Suter circumference of the runner and discharges at
the inner circumference, the tﬁrbine is called as inward flow and is the original
Francis turbine [4]. '

e Axial flo.w: If a particle of water remains at a constant distance from the axis
of rotation as it flows through the runner, the turbine is known as axial or
parallel flow turbine. The type of turbine falling in this class is’co'mmonly
called the Jonval turbine [4].

e Mixed flow: If the water enters a wheel radially inward and then during its
flow through the runner turns and discharges axially, the turbine is called
mixed flow type. This type of turbine is called a Francis turbine, though it is

not identical with the one built by Francis [4].

¢) Position of shaft
| The distinction of turbine into vertical shaft and horizontal shaft is due to
. position of shaft. The vertical shaft turbine is used where it is necessary to set
the turbine drown by the water while the generator or other machinery that it
drives must be above. The horizontal shaft turbine is used where the turbine
can be set above the tail water level and if the generator or other machinery

that it drives can be set at the same elevation.

3.3.2 Study of Characteristics of Turbines

Like pumps, the Euler equation equally applies to turbines. Since the flow pattern in a
Francis turbine is basically the reverse of that in a centrifugal pump, the same

parameters determine the shape of the velocity diagrams, hence turbine performance.

Fig. 3.18 shows that the flow approach the runner, the shapé of the velocity diagram is

determined by the guide vane angle 0, but not by runner blade angle f,. As the flow
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leaves, the shape of velocity diagram at the inner periphery of the runner is mainly
by |

Fig. 3.l8‘Vector diagrams for Francis turbine (Chapallaz, J. M) [ 2]

the blade angle'[}l. Similar to pumps, the concept of conversion of the moment of
momentum is applied on all torques acting on the turbine runner. The tangential
components of the inlet and outlet velocities ¢,; and ¢yt cont-ribute to the rate of
change of momentum that constitutes the torque T acting on the turbine shaft. All

other forces and momentums act radially on the runner and do not produce toque.

T = PO(C 3Ty = Coy) vvvnnrseneeeennnenennns +..3.18

Power (P) =T =p g H Q ovoreeoeeeeerrooo 3.19

Multiplying eq no. 3.19 by o and equating with eq. no. 3.19 we get,
Tw = pQ(c, 1y —Culy )@ '

pgHQ = p0(c,r,—c, h)e
R P S 3.20
g8

Considering whirl free exit of flow, then equation 3.20 becomes

H= -1—(cu2u2) ................................... 321
g . .

Where,

321



THEOQORETICAL CONSIDERATIONS

® is angular velocit)} (rad/s)

p is density of fluid (kg/m3)

¢, is component of absolute velocity of flow in runner direction at outlet (m/s)
c,, is component of absolute velocity of flow in runner direction at inlet (m/s) : .

r; is radius of runner at outlet (m)
r, is radius of runner at inlet (m)

g is acceleration due to gravity (m/s?)

[Turbine mode] -~ H -
. Ny = ~np= constont . ‘ np = consfont
Llf(:._,l bep .Iurbine
~ /
o N ) o —-
UyCy, ‘___Il
l.
+—t | :
-Q ) Q,“ (‘Q” \ ‘ onp O
1) Euler line considering inlet triangle only u2*cu2 -
(2)  Euler line considering inlet and outlet triangles (u2*cu2-ul *cul)
3) Ideal Euler line with infinite number of impeller vanes '
- 4) Euler line with finite number of impeller vanes including circulation

' losses , :
Fig. 3.19 Friction less and shock less performance of turbine and pump (Chapallaz, J. M) [ 2

Appling the Euler equation for ideal machihes, we can draw ideal performancev curves
. in both pump and turbine modes. For ideal conditions, the design flow and design
head in both pump and turbine mode are identical. Fig. 3.19 shows the ideal
performance curves for both pump and turbine modes.However, for real fluids and
machines, the following two effects are considered:

1. geometry of the pump or turbine

2. hydraulic losses of the real fluid
The behavior for real fluid flow including friction and turbulence results in different
rules for the design of pumps and turbines thus the performances in both modes are

not identical although the theory of ideal fluids would predict the same.
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When pump is operated as turbine, circulation loss that occurs at the inner periphery
of the impeller at the suction side is practically negligible due 'to the smaller diameter
of the impeller “at the suction section side. This frictionless performance in turbine
mode‘theréfore corresponds to the ideal Euler condition and both head and flow will
be bigger than in pump mode. This ‘phenomenon is geometric effect since it is
basically caused by the different gegmetric parametefs determining the energy
transfer between the fluid and the impeller of a machine. This increase-in flow will
affect the outlet triangle and outlet flow and the flow is no longer whirl free since the

vane angle at the suction side is not designed for higher flow

[Turbine mode].

y

-

H,; =Normal turbine head (in)
AH,,s= Head loss due to friction
Q. = Normal turbine discharge (m®/
Qnp = Normal pump discharge (m’/s
AQjeakage = Leakage loss (m%/s)

Qn

“.0 leakage

Qi

44_«0 leckage

Fig. 3.20 Performance of turbine and pump mode including hydraulic losses (Chapnllaz, JM)[2]

As the fluid passes through the impeller, it is subjected to frictioh and shock loss. Due
to these losses, the ideal energy transfer form the fluid to the 'rotating impeller as by
the Euler equation is not achieved. Therefore, friction and shock losses must be added
. to the ideal head according to Euler. Fig. 3.20 shows the performance of turbine and

pump mode including hydraulic losses.

The performance of a pump or a turbine is usually presented in head versus flow -
diagram. Pump and turt;ine mode performance can bé plotted in a single diagram by
extending the flow axis into negative values represénting fhe reverse operation of the
p.ump, i.e., the turbine mode performanoe. These diagrams are usually referred to as

complete or total characteristics of a machine. Fig. 3.21 shows the total head-flow
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characteristics of a pump and pump as turbine of the same speed in pump and turbine

operation. Unlike pump, turbine flow increases continuously with increase in head.

These curves are compatible to those in Fig. 3.22 by plotting discharge in negative

side.
\ .
Turbine mode n~
bep lurbine /[ ~ -
S—t
|
| Hn, ]
|
| | el
‘ |
g ! =
-Q Qn, j‘
| 1 1

Fig. 3.21 H-Q curve for turbine and pump mode (Chapallaz, J. M.) [ 2]

' Fig. 3.22, 3.232 and 3.24 show h-q characteristics of pump of specific speed
1800(FPS unit), 7500 (FPS unit) and 13500 (FPS unit) respectively in turbine mode

obtained from complete characteristics curve in Fig.2.1, 2.2 and 2.3 respectively.

H - Qcurve of double suclion centrifugal pump as turbine N;=1800

Head in percent of normal head
. )
Q
[=]

0
0 .80
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Discharge in percent of normal discharge

T 1

150 200

- -75% of normal speed ~X----50% of nomalspeed]

{ Fi-lﬁisas of normal speed ~8— -100% of normal speed

Fig. 3.22 H-Q curve Ns-1800 (FPS l;nit) of pump as turbine at various speeds (Stepanoff, A. J.) [ 17]
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Fig.. 3.23 H-Q

curve for Ns-7500 (FPS unit) of pump as turbine at various speeds (Stepanoff, A. J.).I 17}
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Fig. 3.24 H-Q curve for N5-13500 (FPS unit) pump as turbine at various speeds (Stepanoff, A. J.) [ 17 ]

H-Q of axial flow pump as turbine Ns=13,500
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3.4 REPLICATION OF VALVE CHARACTERISTICS BY
TURBINE

Turbines or pump as turbine, as energy recovery device, has high potential where
lligl;-pressure liquids are reduced across a pressure-regulating valve or orifice. Study .
of characteristics of pump for constant speed impeller showé the decrease of head
with increase of discharge. In case of valve, pressure developed or head develop by
pump in upstream side of valve (due té of closure member) increases with deérease of
flow through it and vice-versa. Movement of stem of valve results in alteration of the
variable friction head portion of the total system head curve. Flow between maximum
and shutoff is obtained when valve stem is in between completely open or closed
position respectively. Flow through the valve is regulated by translatory or rotary
motion of valve stem. For turbine at particular runner speed, head increases with
increase in discharge. It is also seen thé.t when speed of runner of turbine changes,
head-discharge curve get shifted. Like valve geﬁerated h-q curve, head increase with
flow for turbines for different speeds it shifted like h-q valve at different valve closure
positions. Fig. 3:25 shows the valve and turbines h-q characteristics for different valve

closure positions and turbine speed respectively.

H-Q curves of valve at various opening positions H-O curves of pump as turbine at various speeds

Haad

Hoad

b e e = e ey

Discharge

Discharge

—— valve opening position 1

valve openingposition2 ' N1 N2 I Ns — N4
valveopeningposition3 ~——---valve opening position4 .

Fig.. 3.25 H-Q of valve at different openings and turbines in various speeds
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The comparison between h-q of valve and turbine shows the turbine can replicate
valve h-q characteristics at certain éxtent. Thus, turbines in a large number in parallel
if used, can be used as valve in pump testing and energy can be.recovered. The range
~ of speed variation is limited from no speed that is when the shaft of turbine is

completely locked, to no torque that is, when the turbine is running at run away speed

and no power is extracted from it.

Curves in Fig. 3.26, 3.27 and 3.28 respectively show the change in head and discharge
that can be achieved by varying speed from no speed to run away speed for pumps
operating as turbine of specific speed (FPS unit) of 1800, 7500 and 13500 which is

obtained from complete characteristics curve in Fig.2.1, 2.2 and 2.3 respectively.

H- Q of radial flow pﬁmp as turbine ‘Ns 1800 at no load and no speed

200 S
180 | - _— -
160 |- — - _ /
140 1 S /

3 B
120 +——"

100 |- - -

80 -

60 |

Head in percent of normal head

40 —

20 {-

T T T 1

0 50 100 150 - 200

' Discharge in percent of normal discharge

¥ normal—punp —e— head at no load —— head at no speed

Fig. 3.26 Working range of pump as turbine (Stepanoff, A. J.) [ 17 ]
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H-Q of mixed flow pump as turbine Ns= 7500 at no load and. no speed
250 - .

200

—_
w
o

Head in percent of normat head
8

o
=]

'“"——*_r_*’“—‘V_-'\’T | e §

) 20 40 60 80 100 120- 140 160 180

50 R

Discharge in percent in perren of normal discharge

b normal ;;ﬁ;;gaﬁa&’/o“s;;e_e-&:x:_h—ea‘d‘a-l- io load —e— head at no speed} )

Fig. 3.27 Working range of pump as turbine (Stepanoff, A. J.) {17}

H - Q of axia! flow pump as turbine Ns=13,500 at no load and no speed

250

Head in percent of normal head

- -

200

Discharge in percemt or normal discharge

l—:«— normal head for 100% speed —)K— head for no load | —e— head for no speed

Fig. 3.28 Working range of pump as turbine (Slcp:inoﬁ'. A.J)117)
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CHAPTER 4

4. EXPERIMENTAL SET-UP AND TEST RESULTS

4.1 DESCRIPTION OF EXPERIMENTAL SET-UP

Equibmenls were set-up with the prime objective of developing h-q curve of a test

pump using pump as turbine (PAT) instead of valve and recover possible eénergy. For

. that purpose we need to measure head and discharge developed by the test pump, -
head acting on turbine, power developed by generator at varioﬁs lbads and speeds. -
Keeping these things in-view, the experimental equipments were selected and
installed in River Engineering laboratory of Department of Water Resources
Development and Management (formerly_.WRDTC).'Fig. 4.1 and 4.2 show the
experimental set up. One of the test loops used for testin_g pump at Kirloskar Brothers
Limited, Pune [7] is shown in Appendix-B1. It has flow measuring capacity as high

as 50000m’/hr, head 120 m and have power up supply to 4.5 MW.

A single stage, single suction centrifugal pump of type NS-8A,100 mm X 100 mm
size, having impeller diameter of 241 mm manufactured by Kirloskar Brothers, Pune
was used as test pump. For running the pump, a 5.5 KW, 3 phase, 50 cycles, 400/400
volts, and 1420 rpm motor was coupled to it. The induction motor and pump were

mounted on_the‘same base plate. Fig. 4.3 shows two views of KS4 Kirloskar pump

used as test pump and Fr. MKH:132, as a prime mover.

Two different capacity single stage, single suction centrifugal pumps, one of type
NW4+, 100 mm X 100 mm sfze, having impeller diameter of 212 mm manufactured
by Kirloskar Brothers, Pune and the other of model SN 6996, 80mm X 100mm size,
7.5 hp manufactured by Voltas, India were used as turbines one at a time for testing
the test pump. Fig. 4.5 and 4.6 are two views of Kirloskar NW4+ PUMP and Voltas
pump respectively used as turbine (PAT) in testing the test pump.

A gate valve of 100 mm diameter was used to for the generation h-q curve of the test
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Fig. 4.1 Experimental set up for testing ini'mp, using pump ‘:.|s turbine (PAT)
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EXPERIMENTAL SET-UP AND TEST RESULTS

pump so that it could be compared with the curve that was generated by those turbines
(PATS). '

Discharge nozzle of the test pump was connected to a turbine (PAT) with pipes, bends
and fittings and the turbine was coupled with an alternating current single—bhase

generator by suitable V-Belt. Pressure gauges of required ranges were fitted for
.. measurement of pressure head developed by test pump and pressure head acting on
turbine (PAT). Venturimeter connected to mercury manometer was used for the flow
measurement caused by the test pump Fig. 4.4 shows the venturimeter and manometer
used in test. Delivery side of turbine (PAT) was connected to sump tank through
pipes. Other equipments include are, a voltmeter for measurement of voltage
generated by generator, an ammeter for measurement of current flowing through
. electric loads, a tachometer for measurement of rotational speed of generator, and

" room heaters for utilizing the electric power generated during tests. Specifications of

test set are as follows

4.1.1 Specification of Pump and Prime Mover (Motor) |

a, Test Pump
Type _ Centrifugal _
Make o : Kirloskar, India (Kirloskér Brothers, Pune)
Model KS4
Size ' 100 mm X 100mm
Impeller diameter © 241mm
Horse power 63
Design head “159m
Capacity 26 1ps
' Efficiency 77%
Speed 1420
Ranges: .
Capacity 31.2t0 17.5 Ips
Head 13t017m
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b. Prime Mover (Motor)
Type 3

Make

Model

Power rating

Voltage

Current

Cycles

Speed

Conngctioﬁ~

Insulation type

Induction

Kirloskar, India (Kirloskar brothers, Pune)
Fr.MKH:132

5.5 KW

415 Volt

11 Amper

50 cycle per second

1420 rpm

Delta

B

4.1.2 Specification of Pump Used as Turbine

a. Pump one (PAT 1)
Type |
Make
Model
Size
Impél]er diameter
Horse power-
Design head

' Capacity
EfﬁcienC);
Speed
Ranges:

- Capacity
Head

b. Pump two (PAT 2)
Type
Make
Model

Size

4 _Céntfifugal

Kirloskar, India (Kirloskar Brothers, Pune)
NW4+

100mm X 100mm

212mm |

5

13 m

22 lps

74 %
1450 rpm

26 to 19 Ips
11.5 to 13.5m

Centrifugal
Voltas, India

S N 6996

80 mm X 100 mm
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Horse power

Speed

7.5
1440 rpm

4.1.3 Specificat.ion of Generator

a. Generator '

Type

Make

M. C. No.
Power rating
Volt amperes
Power Factor
Voltage .
Current
Cycles

Speed

Excitation: -

Pt 1A
R

Fig. no. 4.3 KS4 Kirloskar centrifugal pump with Fr.MKH:132 induction motor

Alternating current, single phase
Kill'loskar, India

80/H28 A-14

35KW |

3.5KVA

220 Volt

15.9 Ampere

50 cycle per second
1500 rpm

200 volt, 0.6 ampere
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Fig. 4.5 NW4+ Kirloskar centrifugal pump (used as turbine)

4.2 EXPERIMENTAL PROCEDURE

For generating h-q curve of test pump using turbines (PATs), the experimentél é‘et up
was completed as shown in Fig. 4;1 (first with turbine (PAT l)) With the
experimental set.—up complete, the sump was filled with water up to the level so thaf

during operation, the discharge pipe was immexsed in it. The test pump was on and
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Fig. no. 4.6 Voltas centrifugal pump (used as turbine)

was allowed to run for sometime (without taking any readings) it to stébilize. Air

bubbles inside the manometer tube were removed by opening knobs, on the top of
manometer tube, that allowed water to pass through and air to escape. After the test

pump was stabilized, the rpm of the genefator was meaAs‘ures,‘ followed by

measurement of voltage generéted by generator and current flowing to load. The

pressure head difference across the throat and the inlet of venturimeter was noted, as

difference in level of mercury in limbs of manometer tube, for flow measurement.

Four different réading as said above were taken when the generator was loaded with O

KW,‘l KW, 2 KW and 3 KW heaters respectively. Fig. 4.7 shows the experiment

perforhded 6n the test pump (KS4) with NW4+ pump as turbine.

After the readings were note- for finding out h-q curve of test pump by the first turbine
(PAT 1), the turbine was removed and replaced by second pump to operate as turbine
(PAT 2). The same procedures of the experiment were followed and readings were

noted for study and analysis. Fig. 4.8 shows the experiment performed on test pump‘
(KS4) with SN6996 pump as turbine. )

After that, completion of experiment with the second turbine (PAT 2), it was removed

and replaced by valve for getting h-q of test pump. The procedures of experiment
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were similar to that with turbine except for no reading for voltage and current. The
experiment started with valve fully closed followed by gradual opening of valve to
full opening position. For each \;alve stem position, pressure gauge réadihg on test
pump and head difference of mercury level in tho limbs of manometer was measured

and noted. Fig. 4.9 shows the test pump being tested with gate valve.

43 EXPERIMENTAL DATA AND BASIS FOR CALCULATION

4.3.1 Venturimeter Flow Ca‘lculation:

. Difference of level of fluid flowing tflrough venturimeter throat and inlet A (nd)

Fig. 4.7 Kirloskar pump used as turbine for flow regulation and generator driving

where,

*'is symbol indicating multiplication

y is difference of level of mercury in manometer limbs (m) .
v is specific weight of mercury (N/m?) .

Yw is specific weight of water N/m?)
hey 131.6 _1]

h=y*(13.6-1)
h=y*12.6
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O is discharge (m®/s)

Where,

a, =7/4%(0.1)° =7.854*107 (area of inlet of venturimeter m?)
=0.007854 m*

a, =7/4%(0.06)* = 2.827 *107> (area of throat of venturimeter m?)

= 0.002827 m”
C, =0.98 (coefficient of discharge)

0= {0.98* 7.827%2.827%1075 *(2%9.81%12.6% y)/% }/{(7.854*10‘3 J} -(2.827*10° )2}y2
= 0.04466* (y)% m’/s.

4.3.2 Calculation of Power Input to Turbine (Pr)
By=pGHQ .o 4.3
p is density of fluid used (1000kg/m®)
g is acceleration due to gravity ( 9.81 m/ sec?)
H ishead .acting on turbine (m) |
Q is discharge through turbine (m*/sec.)

4.3.3 Calculation of Power Generated by Generator (Pg)
Power(P,) = Voltage(V) * current(1)* powerfactor(cos ?) 44
P =V*I*csp .

4.3.4 Calculation of Power Out put of Turbine (P;)
Power produced by Turbine= Power out put of generator -+ Generator losses (10% of

generator out put) + losses in belt drive (3% of generator out put)

P, -
P,=Pg+ﬁ+0.03*Pg ........................................... 4.5
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4.3.5 Calculation of Efficiency ()

bi
Efficiency() = o.utputoftur .zne
inputtoturbine 46
B .
n P,

4.4 TEST RESULTS
Measurements of the tests with PAT 1, PAT 2 and valve are presented in Table 4.1,
4.2 and 4.3 respectively.

Table 4.1 Measurements of Experiment done with PAT 1

Pressure
head Venturimetere Differential
Developed Pressure reading (cm) mercury
S. rpm Load by Test head on right manometer Voltage Current
No. generator (KW) Pump Turbine left arm arm head (cm) v) ()]
1 1320 0 17.6 15.8 12.8 26 13.2 170 0
2 1200 1 16.5 14.6 9.6 28.9 19.3 155 24
3 1100 2 156.8 13.8 8.7 29.9 21.2 140 4.2
4 1000 3 154 13.3 7.8 30.6 22.8 125 5.8
Table 4.2 Measurements of Experiment done with PAT 2
Venturimetere
Pressure reading (cm)
head Differential
Developed Pressure mercury
S. pm Load by Test head on right manometer Voltage Current
No. generator (KW) Pump Turbine left arm arm head (cm) (V) [{}]
1 1320 0 19 174 | 35 40.5 5.5 170 0
2 1210 1 18.8 17.2 | 34.1 416 7.5 165 24
3 1105 2 18.5 16.7 | 32.9 42.7 9.8 140 4.2
4 1010 3 18.2 16 | 323 43.5 11.2 125 5.8
Table 4.3 Measurements of Experiment done with valve
Differential Head
mercury developed
Venturimeter manometer | in meter
S. reading (cm) head (cm) (m)
No. | leftarm | rightarm
1 304 30.4 0 19
2 30.5 30.3 0.2 19.2
3 30.6 30.3 0.3 19.2
4 30.6 30.2 0.4 19.3
5 31.6 29.3 2.3 19.3
6 36.4 24.4 12 17.9
7 43 17.8 25.2 14.6
8 48.4 12.4 36 _11.8
9 51.6 9 42.6 9.8
10 563.7 6.8 46.9 8.6
11 55 5.5 49.5 7.7
12 56 4.5 51.5 6.5
13 56.9 3.4 63.5 6
14 57.3 3.4 53.9 5.7
15 57.5 3.2 54.3 5.6
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Using values form Tables (4.6 & 4.3), Fig. 4.10 is drawn, using Table (4.1, 4.2 4.4
and 4.5) Fig. 4.11 is drawn and Fig. 4.10, and 4.11 is superimposed to get  Fig. 4.12.
' H-Q curve of NS-8A by valve

H-Q of NS-8A pump

25

20

[N

10

Head (m)

N\

0.00 5.00 10.00 15.00 20.06 25.00 3000 3500 40.00

Discharge (lt/sec)
l— HQoaf NS-8A pump by gate valve ,

Fig. 4.10 H-Q curve of test pump by valve

H-Q curve of test pump produced by PATs

H:Q of NS-8A pump

25

20

Head (m)

[} -
0.00 §.00 1000 1500 2000 2500 30,00 3500 40.00
Discharge (t/sec)
E —— H-Qcurve by NW+ purrp as turbine —— H-Q by voltas purrp as turbine

Fig. 4.11 H-Q curve of test pump by 2 turbines

4-14



EXPERIMENTAL SET-UP AND TEST RESULTS

Using equations 4.1, 4.2, 4.3, 4.5 and 4.6 discharge, power acting on turbine, power
produced by generator, power produced by turbine and efficiency were respectively

obtained and are tabulated in their respective tables of PATs and valve.

Table 4.4 Calculated values of discharge, power and efficiency (PAT 1)

Generator

losses Belt loss
Power by (10% @3% of
Differentiat generator generator generator olp ilp
S. No water head | Discharge Vel. (W) olp) olp turbine turbine
(m) (It/s) head (m) W) (W) (W) W) efficiency
1 1.6632 | 16.96 0.2 0 - - 0 0 0

2 2.4318 20.5 04 372 413.3 11.16 424 | 3007 0.14

3 2.6712 21.5 04 588 653.3 17.64 671 | 2991 0.22

4 2.8728 22.3 0.4 725 805.6 21.75 827 | 2999 0.28

Table 4.5 Calculated values of discharge, power and éfficiency (PAT 2)
Generator
losses Belt loss
Power by { 10"/: @3% <:f , ihp
Differential Vel generator | generator | generator olp : -

S No. wat?:;‘l';ea d Dis(\;::ll:)rge h((:: )d (W) c;(z)) ?\;\?) tum;le tu(r\:l )ne efficiency
1 0.693 | 10.95| 0.2 0 0 0 0 | 1895 0
2 0.945 128 | 04 372 413.3 11.16 424 | 2201 0.19
3 1.2348 14.61 0.3 588 653.3 17.64 671 | 2455 0.27
4 1.4112 1562 | 0.5 725 805.6 21.75 827 | 2527 0.33

Table 4.6 Calculated values of head and diséharge used by valve

S.

’ No. Differential Disgharge Discharge
water head (m) {m‘/sec) (It/sec)

1 0 0.000 0.00
2 0.0252 0.002 2.09
3 0.0378 0.003 2.56
4 0.0504 0.003 2.95
5 0.2898 0.007 7.08
6 1.512 0.016 16.17
7 3.1752 0.023 23.44
8 4.536 0.028 28.01
9 5.3676 0.030 30.47
10 5.8094 0.032 31.97
11 6.237 0.033 32.85
12 6.489 0.034 33.51
13 6.741 0.034 34.15
14 6.7914 0.034 34.28
15 6.8418 0.034 34.40
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H-Q curve of test pump prbduced by valve superimposed on H-Q ‘produced by PATs

Head {m)

25

H-Q of NS-8A pump

10

0.60 5.00 10.00 15.00 20.00 25.00 3000 35.00 40.00
Discharge (lt/sec)
——H-Qof NS-8A pump by gate valve —— H-Q curve by NW+ pump as turbine

———H-Q by voRa pump as turbne -

Fig. 4.12 H-Q curve of test pump by gate valve and 2 turbines superimposed
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CHAPTER 5

S. DISCUSSION ON TEST RESULTS & ITS

‘ IMPLICATIONS
5.1 DISCUSSION ON TEST RESULTS

It is evident form Fig. 4.10,4.11 and 4.12 in the chapter- 4 that varying the speed and
capacity of turbines (PATs) can regulate flow of test pump and a p’ortioh of h-q curve
can be generatéd. The variation of head with flow follows the head-discharge
characteristics as developed by valve during the pump test; however the h-q generated

by turbines (PATs) in combination is not sufficient to represent the entire h-q curve as

. produced by valve.

When valve is fully open, the résistance to the flow is the .least and hence the flow is
the maximum. When vaive is closed slightly, it creates some resistance and this
develops pressure upstream and hence adds resistance on the test pump. Thus the task
of the valve is to add resistance to flow by increasing upstream pressure that acts on
pump and maintain pressure difference so that sufficient pressure exists at
downstream of the valve to push the flow. By further closing the valve, upstream
pressure on the test pump is increased and pressure loss in the valve is also increases

to maintain nearly original total pressure downstream of the valve.

- With a pump used as turbine instead of valve, the h-q curve of turbine (PAT) at -
certain speed intersects the h-q curve of the test pump. The point of intersection is
known as operating point. When the turbine (PAT) is further loaded, the speed get
reduced and the process is like opening valve (for radial flow ) and other operating
point is obtained for that speed. Similarly when load is removed from turbine (PAT),
its speed increases and the process is like closing .valve further and other point of
operation is obtained. With further loading and unloading more numbers of operating
points can be obtained. J oining these points a portion of h-q curve of test purﬁp can be
generated. With two pumps used as turbines and loading thosé to run at various -
speeds, during experiment, a portion of h-q curve of test pump is developed thus the

turbines (PATSs) doing valve duty for certain flow range.
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. For generation of continuous h-q curve of test pump, more pumps of the same or
different capacity can be used as turbines in parallel. An analogy can be drawn from a

- network of pipes use for water distribution and the same principle could be used for

our works.

5.2 BRANCH-LINE PUMPING SYSTEM

When liquid leave from centrifugal pump/s through a pipe and divide into a network
of pipes it flows dividing into network of pipes. The total flow depends on the
combined system resistance. Fig."5.1 shows the closed loop pump system with three

branch lines and no elevation difference.

\ X A N
f\ > V B ~
N 1 JAY 5 ‘
P _ A, B and C are system total
ump X C head curve for three branch

lines

Fig. 5.1 Closed-loop pump system with branch lines (Karassik) | 6 ]

The system total head curves fér each branch lines and header are iﬁdependent of each
other and leveled A, B, C, and D. Fig. 5.2 shows system-head curves for pump and
branch lines with all valve open. These curves are constructed for several flow rates
by adding the frictional resistances of the pipes, fittings, and head losses through the
equipment serviced from junction point 1 to 2. Curves A, B, C, and D therefore
represent the Vériation in system resistance versus flow through each branch and
header. If the valves are fully open in all branches the total system resistance, total
pump flow, and individual branch flows are_fdund by the following method. It is

_noted that

o The total flow must be equal to the.sum of the branch flows,
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e The head loss or pressure drop across each branch from junction 1 to junction

2 is identical and

e The flow divides to produce these identical head losses.

Therefore, at several head points, flow though each branch is added together and a
curve A+B+C is obtained. Header D is in series with A + B + C, and their system
heads are added 'together for several flow conditions to obtain curve (A + B + C) + D.
Let curve E be the head-capacity characteristic.of a centrifugal pump, point X
represents the pump flow since at this point the system total head and pump total head
are equal. Point Y., represents the total head across junction points 1 and 2 and this
head determines the flow through each branch; consequently points a, b, and ¢ gives

individual branch flows as shown in Fig. 5.2.

POS(TIVE DISPLACEMENT "]
CE PUMP TOTAL HEAD
2 [~<EENTRP o o
. €4 N
o / \fo Y
- . ' E .
o 1/ / :
n y / A ”
o) B CA Aqd 1 e i
< >
< UG T JuN NN RN F¥ Guiy SN N § [
& ,/ i @’t}Af/J P2 USAN
5 /l t / .-y :\-9/ TOTAL
a | LA e LE FLOW
{
/4 T b
/ P’"
—"r—’ \
A RATE OF FLOW

Fig. 5.2 System-head curves for pump and branch lines with all valves open (Karassik) [ 6 } V

If valve A is opened and valve B and C are closed, the pufnp flow and branch ‘A’
flow are the same and the total flow is less than the condition for all valves open at
point X as a result of an increase in system head. Fig. 5.3 shows the construction of
the curves required to determine pump flow point X’. It is also shown in the figure
that the system head curve for different combinations of open valves A, B, and C and

the resulting flow caused by a pump having characteristic curve E. For these various
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valve combinations the head differential across the junction point is found by
subtracting the head of curve D from the system total héad for the condition
investigated, to obtain'point Y’1.2. The intersection of a horizontal line through point

Y'12 and the individual branch curves gives the branch flow.

xll l -

' /
POSITIVE DISPLACEMENT A/
PUMP TOTAL HEAD ~_

L/
/ N

1/
/

B+Dj
M
1]
r\
N

~ PUMP AND SYSTEM HEADS

'
A i

0 . " RATE OF FLOW

Fig. 5.3 System-head curves for pump and branch line with different combination of open valves (Karassik) | 6]

5.3 CONCLUSION FROM TEST RESULTS AND FLOW
THROUGH BRANCH PIPE

The turbine (PAT) head-discharge characteristic is similar to the system head curve of
the piping system; the same principle would be used for determination of opera’ting
point of turbine (PAT) thus head and discharge point of test pump at that operating
point. Turbines (PAT) whose head-capacity curve is known are connected in parallel
- and finally to the test pump. As in piping system, as per the number of turbines
| (PATs) that would be operated; at several head pbints, flow through each turbine
(PAT) is added togethef to get the system total h-q curve for that numbers of turbines
(PATSs) at that speed. The point of intersection of head-discharge of the test pump and
_ the system gives the point' of operatidn. Discharge at this operating point is measured
| by flow meter and dynamic head is measured by algébraiéally adding pressure Head,

velocity head, and datum h_éad. Loading and unloading system results in speed change
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of turbines (PATs) and more points of operation can be obtained but, as shown by
experiment, these points are close to each other and only small portion of h-q curve
could be produced. The h-q curve of the turbines (PATs) for various speéds can be
determined by using the eq.2.15. Closing or opening of one or more turbines (PATSs)
in recovery system can 'shift the operating point farther. Op‘ening of turbines (PATS)
cause incfease capacity of the system and is similar to opening a branch pipe in
pipeline network. As total discharges get increased, this results in decrease in dynamic
head acting on system by test pump. Though total discharge is increased but dischafge
for individual turbines (PATS) gef reduced as thé increased discharge is to be shared
by more number of turbines (PATs). Shutting down of turbines (PATs) in system
results in lowering the total capacity of tl_le system. This is like closing branches in
pipe network and this result in increased total dynamic head acting bn system by test
pump. Though total discharge get decreased, but it is shared by lesser number of
turbines (PATs) which cause increase in dLScharge for md1v1dual turbines (PATs).
Thus by opening and closmg of turbines (PATs), in system, whlch is running at
certain speed, the h-q turbine (PAT) at that speed is followed and varieus point of
operation for system and thus the h-q curve for the test pump is determined while
power being recovered. Fig. 5.4 is a tybi’cal arrangement for energy recovery system

for recovering energy during pump-testing.

Turhine 1
7 o
AN >
1 Turhine ?
f
> L VR - >
U - A
\
A r
Tect Pumn _
- i
N/ - :
St Twrhine 2 -

A

Fig. 5.4 A typical arrangement for testing pump using turbines in parallel
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5.4 DESIGN OF ENERGY RECOVERY SYSTEM FOR 24UPH3
PUMP |

Fig. 5.5 shows head-discharge and power—discharge characteristics curve of Kirloskar
make 24UPH3 pump. The curve is produced by valve in different closure positions;

the pump has 750 mm impeller diameter and it runs at 725 rpm in normal operating

condition.

PERFORMANCE CURVE OF 24UPH3 PUMP _}
50 l : e e e e e 70000
45 1 -
‘ + 600.00
40 |-
35 : | ' -—500.00
_ \_ .
3 : 1 400.00 =
2 <
2 25 ;
= 2
© ' . . + 30000 ©
= 20 - - o
15 £ T T B} T T T T T L 200.00
10 - . e e e i e e e e
t 100.00
5l
0 : T : r . v . r : 0.00
0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00 1800.00 2000.00
. ..._._Discharge (It/sec) )
[— H-Q24UPH3 pump ——Power (KW) | -

Fig. 5.5 Performance curve of 24UPH3 pump at 725 rpm

Let the curve be generated by joining minimum of 7 points, these points are generated
by using a valve and are points of operation at different valve closure positions. The
. h-q curves of a valve for those points are obtained by using relation 5.1. Table 5.1

- shows the different values of resistance coefficient (K) of valve at different closure

positions.



DISCUSSTION ONTEST RESULTS & [TS IMPLICATIONS

H=KO% i, 5.1

where, H is head loss (m)- and Q is flow (m?*/s) through valve
when valve is fully open. |
Q,=185m*/s, H, =29 m

thus, K, =8.5

at partial valve openings, values of Ks are

Table 5.1 Values of resistance coefficient at different valve closure positions

K,

K,

Ks

K4

Ks

K

8.5

12.45

19.5

355 .

78

322

Using values of K, h-q curves at various valve openings are obtained.

H-Q curves for 24UPH pump and valve at different opening positions is in Fig. 5.6

H-Q 24UHP3 pump and valve at different openings

70

Total Head (m)

S S o g st a e e — ey

0o

0.00 © 500.00 1000.00 1500.00 2000.00 2500.00
Discharge (l/sec.)
J— f\q ZIUE’HB -—— h-q valve at fullopen k=8.5 - - h-q valve @ k=12.45
-~ 1-q valve @ k= 19.54/6Q ——h-q valve @ k=35.53 ——"h-q valve @ k=78
— h-q valve @ k= 322

. Fig. 5.6 H-Q curves of test pump and valve at different closure positions.

A turbine (PAT) whose h-q characteristic matches with that of valve when its K value.
is 332 is to be selected. The turbine (PAT) that matches the condition is of CORNELL
PUMP CO. of model 10TR1-4 TURBINE. When 6 of these turbines (PATsS) are run
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in parallel to test the 24UPH3 pump, the system will have h-q point that has discharge

18601t/sec at 29 meter head, which is maximum discharge at that head the test pump

can produce.

Fig. 5.7 is the perfbrmancé curves of CORNELL PUMP CO. of model 10TR1-4
TURBINE in turbine mode.

Total head in {(m), officency %

' Fig. 5.8

and of

" -CORNELL MODEL 10TR1-4 TURBINE
90.00 | . e 200
, .
80.00 | 1 180
‘ 1 160
70.00 ! 6
:
l 1 140
60.00 -
{ - 120
] —
50.00 ! g
5 {100 5
40.00 ! z
[« 9
.80
30.00 '
: - 60
20.00
: 1 40
10.00 ~1 20
000 ! - e . : —- . 0
0.00 50.00 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00 500.00
Discharge (lt/sec.)
{—— HQ “efficiency % ~8— pow er (KW)

Fig. 5.7 Performance curve of CORNELL model 10TR1-4 pump as turbine (Chappel, J.R) [3]

is the h-q curve of recovery system (six parallel turbines (PATs) in operation)

test pump. It is superimposed with the valve h-q curve at fully opened

condition. When turbines (PATSs) in system operate at normal (1800 rpm) speed,

operating point is the intersection of h-q pump and system. The flow distribution for

turbines (PATs) of system at normal speed is shown in Fig. 5.9. It is worth notirig the

remarkable collapsibility of the h-q valve with the h-q curve of recovery system. Thus

_ the h-q turbines (PATs) in combination replicate the valve characteristics.
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Superimposed h-q curve (test pump, Qalve at full opening and system)

HQ cune of test pump, vaive @ W open, and Btesbines in operating at same speed

2] PO

* Total Head {m) *
8

o 50000 1000.00 150000 200000 260000 30000
Descharge (Usec)
[—— HQ2URD purp —- HQvabe fuly open — HQ Gtubines n mﬁ

Fig. 5.8 H-Q curve of system (6turbines operating) and valve at full open position )

Superimposed h-q curve (test pump and systein) and flow distribution for
turbines as QT (n=6)

Totalhead {m)

QT

Cam ' 1

PR O D SO,

[ 5000 S0 15000 200000 25000 300000
Discherge ftsec)

 [-manrp— ot S e o]

Fig. 5.9 H-Q curve of recovery system (6 turbines operating) and flow distribution in turbines
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Power produced by a turbine (PAT) at that flow and head (310 It/s. and 29 m) is
obtained form the performance curve of the turbine from Fig. 5.7 and is 67 kW at

81% efficiency. Thus the total power produced by the system is 6 X 67 =402 kW.

When one of the turbines (PATs) in system is closed and the remaining turbines
(PAT) are operated, at the normal speed, the recovery system-has different operating
point. The h-q curve followed is shown in Fig. 5.10 and the curve when superilhposed
. with the h-q valve at that operating point almost coincides with that of valve

replicating valve characteristics. The flow distribution for five turbines (PATs) is

shown in Fig. 5.11.

- Power produced by a turbine (PAT) at flow rate of 326 It/s. and 33 m head is obtained
from the performance curve of the turbine in Fig. 5.7 and is 78 kW at 81% efficiency.

Thus the total power produced by five turbines (PATs) or by system' is
5X78=390 kW.

Superimposed h-q curve (test pump, valve at partial opening and system)

[ . -

HQ cune of test pump, vahe @ pattial open, and 5 turbines in operation at same speed

&

TotalHead (m)

8

» 7
/ &
7/
10 . R ——
0 _——e‘f.’:./_....._ O
o0 0000 - 100000 1500 200000 2000 -
Discharge (Vsec)

[—rarnopm —He vake il open -~ HQ5 hebies noperaton|

Fig. 5.10 11-Q of system (Sturbines operating) and valve at partial open position
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Superlmposed h-q curve (test pump and system) and flow dlstrlbutlon for
turbines as QT,, (n=5)

HQ cune of test pump, vahe € partial open, and 5 turbines in operation &t same speed
(T T ——— e ——
80} —— —_——— - —_—— _——— ——
i —mr e e e e - — - - e e ] e e s et s

JRY -\ % USROS U S . < e e
E
s
=
K
B g
4 QTs
QT, '
10— —_— [
I QT
Qmn QT
i
000 200 100000 150000 200000 250000
Dscharge (Vsec)
L KoL Wm—-uosmnopumJ

Fig. 5.11 H-Q curve of recovery system (5 turbines operating) and flow distribution in turbines

When two turbines (PATSs) are shut down and the remaining turbines are operated in
the normal speed, the h-q-curve of the system that will be followed is shown in Fig. |
5.12. When h-q curve of valve is drawn from the operating point of the recovery
system, it remarkably collapses with the h-q curve of the systefn. The turbines
(PATS) in combination replicate valve characteristics at that operating point too. Fig.
.5.13 shows the flow distribution for four turbines (PATSs) in opefation in normal
speed. It is also seen that for individual turbines (PAT), head acting on it and

discharge both are increasing following the turbine (PAT) h-q characteristics at that

.speed.
Power produced by a turbine (PAT) at 337.5 It/s. flow rate and 37.5 m head is -

obtained form the performance curve of the turbine (PAT) ﬁ_'om Fig. 5.7 and is found

to be 87 kW at 80%efficiency. Thus the total 'power produced is 4 X 87= 348 kW.
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Superimposed h-q curve (test pump, valve at partial opening and system)

H HAQ cune of tesl pump, \ahe @ partial opening, 4 turbines in operalion at same speed
n

i

|

| O -

'

¥
80 fommm e m e e e e -

\ /
000 20000 40000 6000 80000 100000 120000 140000 160000 130000 200000

Decharge (Wsec)
]—uozmm —_ HQvave partolopen — HQA hurbines hweaahl]

Fig. 5.12 H-Q of system (4 turbines opei'ating) and valve at partial open position

Superimposed h-q curve (test pump and system) and flow distribution for
turbines as QT, (n=4)

HQ tune tf lest pumg, \ahe B panial openng, 4 trtines in opesation 2\ sume Speed

"-' .
» - :

£
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Fig. 5.13 H-Q curve of recovery system (4 turbines operating) and flow distribution in turbines

5-12



DISCUSSION ON TEST RESULTS & ITS IMPLICATIONS

When three turbines (PATs) are closed and the remaining turbines (PATs) are

operated at the normal speed, the recovery system has another operating point. The
h-q curve that the system follow is in Fig. 5.14.The curve when superimposed with
the h-q curve of valve at that operating point, the recovery systems’ h-q curve almost

coincides with valve thus replicating valve characteristics at that operating point. The

flow distribution for 3 turbines (PATs) system is shown in Fig. 5.15.

Superimposed h-q curve (test pump, valve at partial opening and system)

HQcune of test pump, \ahe @ parial open, and 3 lubines in operation &t same speed T

/

Totattead (m)
P,

-]

n L_/ j
000 2000 400 000 20000 100000 12000 14000 160000 180000 20000

Decharge (Vsec)
F—mzwm—uovmpauapm—uomﬁuhmaﬁﬂ

Fig. 5.14. H-Q of system (3 turbines operating) and valve at partial open position

Power produced by a turbine (PAT) at 355 It/sec. discharge and 41 m head is obtained
from the performance curve of the turbine (PAT) in Fig. 5.7 and is 102 kW at 80% '
efficiency. The total power produced by 3 turbines (PATS) is 3 X 102=306 kW.

When four turbines (PATs) are shut down and .the-remaining are operated in the
normal speed, the system h-q curve that will be followed is shown in Fig. 5.16. When
h-q curve for valve is drawn form that operating point of the recovery system, a
remarkable collapsibility with th:e h-q curves of recovery system is observed. The

turbines in combinations replicate valve characteristics at that operating point too.

Fig. 5.17 shows the flow distribution for two. turbines (PATs ) in recovery system. It
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t
i

is also seen that for individual turbines (PAT), both head acting on it and discharge

are increasing following the turbine (PAT) h-q.

Superimposed h-q curve (test pump and system) and flow dlstrlbutlon for
turbines as QT (n=3)

HQ cune of test pump, ehe € partial open, and J tubines in operation ok same speed
n
©
S J
° .
s ST S P
QT, /
i Pl e
. QT 7 QT
10
[} -_
000 2000 000 SO 0N 06 120000 14000 000 (B000 20000
Dactarge (teec)
| [—"Q240P0 pump - HQY tatines incperaton|

Fig. 5.15 H-Q curve of r}:covery system (3 turbines operating) and flow distribution in turbines

Superimposed h-q curve (test pump, valve at partial opening and system)

HQ cune of test pump, wehe @ partial opering, and 2 hubines operating al same speed

TotalHend (m)
o a
e \7Z

0
000 2000 4000 60000 AN00 100000 10000 140000 IH0C0 1BCR00 20000

Dxcharge (thec)

|-—mmmm—- RQvove partd open uozmnmmj

Fig. 5.16 H-Q of system (2 turbines operating) and valve at partial open position
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Superimposed h-q curve (test pump and 2turbines) and flow distribution for
turbines as QT (n=2)

{ HQ cure of test pum, wane  prrtal oponeg. $nd 2 s operstng ot s3me $pred
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Tatst e
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[P0 pamp HQ 2 batinet 1 operaion - — Sarmn?)

Fig. 5.17 H-Q curve of recovery system (2 turbines operating) and flow distribution in turbines

Power produced by a turbine (PAT) at 362.5 1t/s. discharge and 44 m head is obtained
form the performance curve of the turbine (PAT) from Fig. 5.7 and is found to be 112

KW at 79% efficiency. Thus the total power prdduced by recovery system is 2 X
112=224 kW.

When five turbines (PATS) are closed and the remaining are operated at the normal
“speed, the recoi;ery system has another operating point. The h-q curve is shown in
Fig. 5.18 and the curve when superimposed with the h-q valve at that opefating' point,
it almost coincides, replicatiné valve characteristics. The flow distribution for one

turbine (PAT) in recovery system is shown in Fig. 5.19.

Power produced by a turbine(PAT) at flow rate of 378.5 It/s. and 46 m head is
obtained form the performance curve of the turbine (PAT) from Fig. 5.7 and is found

to be 137 kW at 78% efficiency. Thus the total power produced by the system is 1 X
137= 137 kW. '

During recovery process, a few near by points from the normal h-q point (obtained

form normal speed) can be obtained by varying speed. Variation of speed is possible
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Superimposed h-q curve (test pump, valve at partial 'opening' and system)

e m——

HAQ cune of test pump, vahe @ partial opening, and 1, turbine in operation at same
speed

//
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1—-“024(}’}0;"@ —— HBQvaNe artalopen -—-H-Q 1 tubine in operation ]

Fig. 5.18 H-Q of system (1turbine operating) and valve at partial open position

Superimposed h-q curve (tesf pump and system) and flow distribution for
turbines as QT, (n=1)
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Fig. 5.19 H-Q curve of recovery system (1 turbine operating) and flow distribution in turbine

5-16



by loading and unloading the system. The change in speed of system cause h-q curve

to shift from the normal h-q to €ither left or right depending upon increase or decrease

of speed.

When all turbines (PATs) .are closed, a complete shut off is created and head
“produced by the test pump is maximum and is called shut of head. The h-q curve of
test pump is obtained by joining these operating points étarting from 6 turbines
(PATs) in operation to shut off point. Power- discharge and efficiency-discharge
curve is obtained by measuring the power consumed by test pufnp andA energy utilized
with respect to supplied to test pump in building head and discharge respectively at
different operating points. Fig. 5.20 shows a typical energy recovery system that test

pumps and recovers a portion of energy used during testing.

5.5 EFFICIENCY OF ENERGY RECOVERY

With above combination of turbines (PATs), energy is recovered at various operating
points which vary from lower side of 0 kW when all turbines (PATSs) are closed to as.
high as 402 kW when all turbines (PATs) are operated. Table 5.2 shows the energy .

recovered and efficiency of the recovery system at different combination of turbines
(PATs) operation.

Table 5.2

Power out-put of energy recovery system and efficiency of energy recovery at

various combinations of turbines (PATs) operation

0 1 2 3 4 5 6
Operating Turbine Turbine | Turbines | Turbines | Turbines | Turbines | Turbines
Point (normal Working | Working | Working | Working | Working | Working | Working |
speed) 1 2 3 4 5 6 7
Power Input A ' ,
(kW) 300 350 420 |. 500 600 610 615
Power Output ' .
(kW) 0 137 224 306 348 390 402
Efficiency in % 0.00| = 39.14 53.33 1 61.20 58.00 63.93 65.37
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CHAPTER 6

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

High-energy consumption during pump test results in added cost to buyer. Further,
energy being used in testing is also wasted. Energy recovery during pump test reduces
the energy demand, which can contribute to the reduction of cost of testing, and

production cost of pump finally.

The results obtained during experiment have proved that a turbine, speed when
varied, can regulate flow but has limited range. It is also seen that regulation range
varies with capacity of turbine. High capacity turbines can regulate flow in higher
discharge range and low capacity in lower discharge range. Turbines operations by
arranging in parallel have higher capacity and have operating point at high discharge
range. Shutting down these turbines progressively causes reduction in capacity and
head acting on it get increased. Performance curve for the test pump can be drawn

using turbines in parallel and by progressively closing them.

The recovery system produces maximum power when all turbines are in operation.
Although power produced by individual turbine go on increasing with closure of
turbines but the total power produced by the system get reduced than when all
turbines are in operation. The increase in power produced by the individual turbine is
due to increase in both discharge and head acting on it. Thus, when the system is
designed, care should be taken such that the system has maximum efficiency at total
maximum discharge and low head. Hence the turbines selected should have
maximum efficiency at the lowest discharge and head available to it at that discharge

so that the total power produced is the highest.

6-1



CONCLUSIONS AND RECOMMENDATIONS

If turbines of different capacities are used in parallel, with different operation

combination more number of operation points can be obtained which helps in

obtaining smoother characteristic curve.

6.2 ‘REC'OMMENDATIONS

. The experimental-set up could not be arranged to test the energy recovery
system using parallel combination of pump as turbine. Experiment is
recommended to be conduct for finding out the how closely the results match
with the theoretical results. .

. Performance characteristics curves of pump as turbine are generally not
available; more of such curves can be developed by conducting experiments and

used them for designing energy . recovery system for various test pumps
efficiently. '
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