


This comprehensive introduction to centrifugal pumps used in sodium-
cooled fast reactors discusses the special attributes of centrifugal pumps, 
design features, manufacturing requirements, instrumentation, and operat-
ing experience. It covers the characteristics of mechanical pumps, used as 
the main coolant pumps in fast reactors.

Key Features

	•	 Covers description of pumps in various reactors highlighting the 
special features of the pumps and providing an overview of futuristic 
design concepts.

	•	 Discusses the aspects related to the design, manufacture, testing, instru
mentation, and operating experience of centrifugal sodium pumps.

	•	 Highlights the challenges in centrifugal sodium pump testing.
	•	 Presents topics such as cavitation testing for critical applications and 

thermodynamic effect on pump cavitation.
	•	 Real-life case studies are included for better understanding.

This book gives a detailed overview of the design, manufacture, testing, 
and operating experience of the main coolant pumps used in sodium-
cooled nuclear reactors. It further discusses the special type of pumps used 
in fast reactor power plants to circulate liquid sodium through the core. 
The text examines the challenges in centrifugal sodium pump testing and 
types of test facilities around the world. Real-life examples are used to 
highlight important aspects. It is primarily written for senior undergraduate, 
graduate students, and academic researchers in the fields such as mechanical 
engineering, nuclear engineering, and chemical engineering.
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Foreword

This book on Centrifugal Pumps for Sodium-Cooled Reactors by Mr. R. D. 
Kale and Dr. B. K. Sreedhar is an important contribution towards making an 
authentic, experience-based resource available to practitioners, R&D per-
sonnel, academics, and students interested in the field of centrifugal pumps 
for pumping sodium and similar fluids. This is a highly specialised area 
where there is a paucity of literature, and this book would help bridge the 
void in a significant way.

India, moving ahead with indigenous development of advanced technolo-
gies in critical areas, is a matter of high importance from the perspective of 
avoidance of vulnerabilities at the national level, maintaining a strategic 
edge, and of course, domestic value addition. Our Atomic Energy, Space, 
and Defence programmes have been engaged in mastering several such criti-
cal technologies. A number of agencies outside these programmes, including 
industries and academia, are deeply connected and involved in such efforts. 
It is necessary that there is growth and continuity in terms of HRD activities 
in these areas across different organisational domains. Books like this serve 
as important resource materials for such purposes.

In particular, the development of dynamic equipment such as a pump is 
full of significant challenges. Apart from the development of materials, design 
of various parts as well as the system as a whole, and their manufacture into 
required shapes for various components conforming to required specifica-
tions, such efforts also involve the design of several kinematic pairs working 
together. A successful development thus necessitates deeper insights into 
issues related to disciplines like hydrodynamics, structural dynamics, tribol-
ogy, manufacturing, and materials. Further, the design and development of 
pumps meant for nuclear reactors, that too for pumping very reactive fluids 
like sodium, need extreme care and qualification in terms of their functional 
and safety performance. The availability of a book written by authors 
involved in developing this kind of equipment in the country would fulfil a 
much felt need of younger professionals who might want to get into this 
area. The value of this book is even greater considering that sodium-cooled 
fast reactors are expected to be set up in large numbers as a part of the sec-
ond stage of India’s nuclear power programme, and we expect industry and 
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academia also to be a part of this process in addition to work within the 
Department of Atomic Energy.

I wish to compliment the authors for their efforts in bringing out such a 
valuable book and feel confident that it would be an important addition to 
the limited literature on the subject.

Anil Kakodkar 
Former Chairman Atomic Energy Commission, India
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Preface

More than two decades ago, the first author, while in service at the Indira 
Gandhi Centre for Atomic Research (IGCAR), Kalpakkam, had compiled 
a document with his colleagues titled “History Document on Design and 
Development of Primary Sodium Pump”.

This document detailed the efforts invested in the development of the 
primary sodium pump for the Prototype Fast Breeder Reactor (PFBR) proj-
ect. At that time, he had also prepared another document called “Design 
Manual of Primary Sodium Pump” for the benefit of the engineers who 
would be entrusted with the construction and commissioning of this compo-
nent. The roots of this book lie somewhere in these works.

Although there is a library of books on the topic of centrifugal pumps, it 
is surprising that there is no book devoted to mechanical or centrifugal 
sodium pumps. We have come across only a single book on the topic of 
nuclear reactor coolant pumps in the Russian language. This book includes 
a brief discussion on sodium coolant reactor pumps. Unfortunately, no 
English translation of the book has been published, and the original itself is 
now hard to come by.

The present book, Centrifugal Pumps for Sodium-Cooled Reactors, 
consists of ten chapters. Unlike other published books on centrifugal pumps, 
which focus on the calculation of design parameters, discuss pump 
characteristics, selection of bearings, seals, drives, general pump 
troubleshooting, and so on, we focus instead on issues that a sodium pump 
designer is confronted with when he embarks on the journey from scratch. 
For instance, the chapter on design discusses the choices available to the 
designer on the location of the pump, the hydraulics, the mechanical aspects, 
etc. Abundant examples of design choices from pumps of various reactors 
are provided to reinforce a technical point.

The book, in its ten chapters, provides a comprehensive review of the 
pump designs used in fast reactors around the world, the options available 
to the designer, the challenges in manufacture and in testing, and the operat-
ing experience of these pumps over a span of more than half a century.

Each chapter is provided with a reference list for the benefit of readers 
who wish to study a particular topic in further detail. Another feature of the 
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book is the presentation of details of pump components, such as special 
bearings, shaft sealing, and pump supports. These are supplemented with 
neat sketches to aid in a better understanding of their complexities. We also 
include a chapter that discusses, in brief, the main coolant pumps of water-
cooled reactors. The purpose of including a discussion on water-cooled reac-
tor pumps is to bring together important topics about these pumps to benefit 
readers conversant with water-cooled reactors but with little access to infor-
mation on such pumps.

The authors believe this chapter will interest engineers working in nuclear 
plants in India, in particular.

In the final chapter, considering the ongoing R&D efforts worldwide, we 
attempt to predict the features of a sodium pump of the future.

The authors have many years of experience in the field of nuclear engi-
neering, with a particular focus on the design and testing of centrifugal 
pumps for fast reactors and test loops. They draw on this wealth of experi-
ence to carve out a lucid picture of the design, manufacture, testing, instru-
mentation, and operation of centrifugal sodium pumps over the last 60 
years and collate the details in an easy-to-understand manner between cover 
and cover.

Knowledge in any field, especially technical, is gained not just from for-
mal education or perceptive wit. Equally important is our understanding of 
the experience of others and our own. This sublime Sanskrit shloka elo-
quently captures the essence of the learning process:

आचार य्ात् पादमादत्ते पादं शिष्यः  स्वमेधया ।
सब्रह्मचारिभ्यः  पादं पादं कालक्रमेण च ॥
AchAryAt pAdamAdatte, pAdam shiShyaH swamedhayA |
sa-brahmachAribhyaH pAdam, pAdam kAlakrameNa cha ||

In translation:
From the teacher one-fourth is learnt, one-fourth using one’s intel-

ligence, one-fourth is learnt from colleagues, and one-fourth only with 
time.

The authors are indebted to Dr. Anil Kakodkar, former Chairman, Atomic 
Energy Commission (AEC), and Secretary to the Department of Atomic 
Energy (DAE), and presently member AEC, for graciously penning the fore-
word to the book.
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1.1 � INTRODUCTION

Fast neutron reactors constitute the critical second stage in India’s three-
stage nuclear power programme.

	 1.	 In the first stage, Pressurised Heavy Water Reactors (PHWR) fuelled 
by natural uranium are employed to generate power. These reactors 
are known as thermal reactors because the average energy level of the 
neutrons is equal to that of the atoms of the surrounding medium (at 
ordinary temperatures, the average energy of thermal neutrons is ~ 
0.04 eV). In PHWR, the fissile isotope uranium-235(U235) (0.7% in 
natural uranium) present in natural uranium undergoes fission to pro-
duce power. The process also generates a small fraction of plutonium-
239(Pu239) by the neutron absorption of uranium-238(U238) (which 
isotope constitutes the bulk of natural uranium).

	 2.	Pu239 recovered from the first stage is used along with depleted 
uranium, mainly U238 (mixed oxide fuel), to produce power in 
fast neutron reactors that mark the second stage. These reactors are 
known as fast reactors because the energy level of the neutrons is in 
the range of 10–100 keV. In particular, the fission of Pu239 not only 
produces power but the accompanying high yield of neutrons results 
in the conversion of fertile U238 to fissile Pu239, thus producing 
more fuel than is consumed (these reactors are therefore also known 
as ‘breeders’). This stage is critical due to the potential of generating 
power while producing more fissile material (Pu239) and because the 
technology, once perfected, can convert fertile thorium-232(Th232) 
(abundantly present in India) to fissile uranium-233(U233).

	 3.	Fissile U233 from the second stage fuels reactors (both thermal and fast 
reactors) to generate electricity, thus utilising the large thorium-232 
reserves in India. Table 1.1 [1] shows the potential power generation 
in the three stages. The importance of fast reactors to India’s energy 
security is evident from the electricity potential of FBR’s and Thorium 
breeders.

Chapter 1

Introduction to centrifugal 
sodium pumps in fast reactors
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2  Centrifugal Pumps for Sodium Cooled Reactors

1.2 � FAST REACTOR LAYOUT AND ITS INFLUENCE ON 
PUMP DESIGN

Fast Reactors do not use a moderator to slow down the neutrons produced 
during fission because the neutron yield is high when Pu fissions with high-
energy neutrons (up to 2.9 neutrons/fission) [2]. Furthermore, the parasitic 
cross-sections of materials are low at high neutron energies. On the other 
hand, the fission cross-section of fertile U238 is significant at high neutron 
energies, enabling the generation of more fissile material (by transmutation 
of U238 to Pu239) than is consumed. The absence of a moderator makes 
these reactors of high-power density1 when compared to heavy water and 
light water reactors. Therefore, the coolant used in these reactors should 
possess good heat transfer characteristics coupled with minimal neutron 
energy moderation, thus limiting the choice of coolant to liquid metals. 
Sodium is the preferred choice among liquid metals because of its high ther-
mal conductivity (100 times higher than water), high boiling point, moder-
ate specific heat and low neutron energy moderation.

There are two different configurations in the layout of a fast reactor: 
loop-type concept and pool-type concept. In a loop-type reactor, the reactor 
vessel, containing the core immersed in a pool of sodium, the intermediate 
heat exchanger (IHX), and the main sodium pump are connected by piping 
of the primary circuit (Figure 1.1). The pump is located in a separate tank 
adjoining the reactor vessel, with the pump suction in contact with the liq-
uid in the tank and the pump discharge joined to the system piping (sump 
type concept) or with the pump suction linked to the system piping and the 
pump discharge connected to the sump (piped concept). Since the primary 
pump is located outside the reactor pool, the designer has the option of 
locating it in either the hot leg or the cold leg. The run of piping from the 
reactor vessel outlet to the inlet of the IHX is the hot leg, while that connect-
ing the IHX outlet to the reactor vessel inlet is the cold leg.

In contrast, the pool-type concept (Figure 1.2) houses the reactor core and 
the entire primary circuit and its components (pump and IHX) in a pool of 
sodium. In the pool-type reactor, since the primary pump is immersed in the 
sodium pool, the sizing of the pump directly affects the size of the main vessel 
and, therefore, the capital cost of the reactor. However, the pool type concept 
restricts the option of locating the primary pump to the cold pool only.

Table 1.1  Enhancing electricity potential with fast breeder reactors

Fuel type of reactor Quantity tons Electricity potential GWe-yr

Uranium – metal 61,000
In PHWR 328
In FBR 42,200
Thorium – metal 225,000
In breeders 150,000
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Figure 1.1  Loop-typeconfiguration.



4  Centrifugal Pumps for Sodium Cooled Reactors

The advantages and disadvantages of locating the pump in the cold leg 
are discussed in Chapter 2. Table A1.1 in Appendix 1 gives the types of fast 
reactors designed/installed/operated.

1.2.1 �Types of pumps for liquid sodium pumping

Essentially, two types of pumps, mechanical and electromagnetic, are used to 
pump liquid sodium in the various reactor cooling circuits. In the mechani-
cal pump, the pressure to circulate the coolant is produced by rotodynamic 
action. The rotation of the impeller, mounted on the pump shaft, imparts 
kinetic energy to the liquid which is transformed to pressure energy in the 
stationary diffuser.

Liquid sodium is pyrophoric and is to be perfectly sealed from the atmo-
sphere. In the mechanical pump, sodium is sealed from the atmosphere using 
either a hermetically sealed arrangement or the shaft emerging from the 
pump casing is sealed at the shaft-casing interface using a seal. The canned 
motor pump is an example of the hermetically sealed arrangement. The 
rotor assembly, comprising the impeller mounted on the rotating shaft, is 
immersed in sodium. The rotor (armature) is shielded from the pumped liq-
uid by a thin sheeting, while the stator is protected from the pumped liquid 
by a thin can of negligible electrical conductivity welded to the pump body. 
The rotor is supported by sleeve bearings at either end of the armature. 

Figure 1.2  Pool-typeconfiguration.



Introduction to centrifugal sodium pumps  5

A fraction of the liquid from the pump discharge is diverted through the 
clearance between the rotor and stator, cooling them in the process; the 
other stream of liquid is used to lubricate the sleeve bearings. Both streams 
return to the impeller suction. The EBR-II primary pumps, manufactured by 
Byron Jackson Pump company for Atomics International, are canned motor 
units. In this particular design, the pump casing is integral to the pump tank, 
which contains sodium topped by inert gas – the pump shaft passes through 
a gas-tight housing consisting of a labyrinth seal. The motor is enclosed in a 
sealed housing, and the gas pressure in the housing is equalised with that in 
the liquid tank, thus avoiding the need for a mechanical seal. The electrical 
connections to the motor penetrating the motor housing are seal welded. 
The motor bearings are conventional, lubricated bearings, and the bearing 
in sodium is of hydrostatic type [3].

In the case of pumps with seal, direct sealing of sodium from the atmo-
sphere is avoided by making the pump of vertical construction. A vertical 
arrangement permits free level of sodium in the pump barrel topped by inert 
(argon) cover gas. The inert cover gas acts as a buffer fluid between the free 
surface of sodium in the pump and the atmosphere, easing the difficulty in 
sealing. The sealing of the cover gas space from the atmosphere is achieved 
by means of mechanical seals mounted on the shaft. A repair seal for the 
shaft is additionally provided to isolate the pump internals, during replace-
ment of the main seal, without disturbing the pump from the circuit. This 
design is the most popular and almost universally used for both primary and 
secondary sodium pumps. Mechanical pumps are also classified on the basis 
of the length of the shaft as either long shaft pumps or short shaft pumps. 
Long shaft pumps are provided with a bearing in the pumped liquid, whereas 
short shaft pumps have overhanging impeller. Most of the pumps used in 
sodium-cooled reactors are of the long shaft type (e.g., RAPSODIE, 
SuperPhénix, PFR, FBTR, PFBR). Examples of short shaft pumps are the 
main and auxiliary sodium pumps of the Sodium Reactor Experiment (SRE) 
reactor.

The electromagnetic pumps (EM) operate on the principle of interaction 
of current carrying conductor (in this case, the liquid metal) with a magnetic 
field. Compared to mechanical pumps, the main advantage of these pumps is 
the freedom from penetration of the pump boundary (such as is required for 
the shaft in a rotating equipment) and the absence of moving parts. This 
simplifies the design and makes the pumps almost maintenance free. EM 
pumps are broadly divided into conduction pumps and induction pumps. 
Conduction pumps are further classified into DC conduction Pumps and AC 
conduction pumps. Example of DC conduction pump used in a fast reactor 
is the primary pump of the EBR-I plant. Induction pumps are classified as AC 
linear and AC rotary pumps.  The Flat Linear Induction Pump (FLIP) and 
Annular Linear Induction Pump (ALIP) belong to the category of AC linear 
pumps. The largest AC linear induction pump (FLIP) used in a sodium-
cooled reactor is that used in the EBR-II secondary circuit.
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In India, annular linear induction pumps have been successfully developed 
up to a capacity of 170 m3/h at a pressure of 4 bars. Use of large capacity 
EM pumps is limited because of their rather low efficiency,2 possible insta-
bility from magnetohydrodynamic effects and absence of inherent inertia 
required for coolant flow coast down in the event of pump de-energising 
(trip). The economic trade-off of using EM pumps instead of mechanical 
pumps could be significant if improvements in these areas are realised. Table 
A1.1 in Appendix 1 summarises the type of pumps used in various experi-
mental, prototype, and commercial reactors.

The main circulating pumps in a fast reactor plant are complex units with 
dedicated auxiliary systems, special instrumentation and many unique tech-
nical features (see Figure 1.3).

1.3 � DESIGN CONSIDERATIONS FOR MAIN COOLANT 
PUMPS (MCP) OF FAST REACTORS

Pumps are the heart of a power plant; more so in sodium-cooled reactors 
what with the high-power density of the core, the harsh operating conditions, 
and the reactive nature of the liquid sodium coolant. The economic penalties 
resulting from downtime of these large power plants demand high reliability 
of the main coolant pumps and make the design and operation of these pumps 
a challenge. The design considerations of centrifugal pumps for sodium appli-
cation are dictated by the unique operating environment and so these pumps 
have design features that are not common in conventional pumps.

	 (a)	Material of construction: The material used for construction is to have 
good strength at high temperature as well as good machinability and 
weldability. It is to be chemically resistant to sodium, decontaminating 
alkali/acid solution and steam/water washing media. The material 
used for construction of hydraulic parts is to have good resistance 
to erosion at high sodium velocities and particularly to cavitation 
damage. As a rule, austenitic stainless steel with various kinds of 
thermal or thermochemical treatment is used. Hardfacing is employed 
in parts that require enhanced hardness. Special care is exercised 
in manufacture which includes raw material inspection, casting, 
fabrication, machining and heat treatment (e.g., of the long rotating 
shaft), quality control and inspection after manufacture, and lastly 
balancing of the rotating assembly.

	 (b)	Compactness: The sizing of the pumps have a strong influence on 
the main vessel size (in the case of pool-type reactors) and the reac-
tor capital cost. Hence the design is optimised to permit operation 
at the maximum speed possible. However, this aggravates the danger 
of cavitation during operation because the Net Positive Suction head 
(NPSH)3 available is modest.
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	 (c)	Long shaft with composite construction: The shaft is normally supported 
by two bearings one within sodium and the other in the cover gas space. 
In order to achieve maximum submergence a long shaft is used thus 
increasing the span between the bearings resulting in lowering of the 

Figure 1.3  Primary sodium pump of the Prototype Fast Breeder Reactor (PFBR).
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critical speed of the rotating assembly. The shaft is therefore fabricated 
by welding together solid and hollow sections in order to raise the 
critical speed above the operating speed.

	 (d)	Bearing under sodium: Conventional grease lubricated, antifriction 
bearings cannot be used to support the rotating assembly under 
sodium. Therefore, hydrostatic bearing which uses the high-pressure 
liquid feed from the pump discharge is used to support the rotating 
assembly. Since the load bearing capacity of the bearing is proportional 
to the pump speed there is some rubbing of rotating and stationary 
parts of the bearing during start-up/final stage of coastdown of the 
pump. These surfaces are therefore hardfaced to ensure adequate wear 
resistance. The bearing is designed to meet the following requirements:

	 (i)	 Have minimal wear of bearing working surfaces for specified life-
time taking into account the significant number of starts/stops.

	 (ii)	 Permit pump operation at any speed within the boundaries of the 
working envelope.

	 (iii)	 Allow for reverse rotation as far as possible.
	 (iv)	 Consume a minimal quantity of pumped liquid for feeding the 

hydrostatic bearing.
	 (e)	Quick acceleration during start-up and gradual coasting down: The 

design of the motor permits rapid acceleration during start-up so 
that the duration of rubbing at the under-sodium hydrostatic bearing 
surface is minimal. A flywheel is provided on the rotating assembly 
to provide adequate rotational inertia and achieve gradual coasting 
down of the pump flow rate in the event of motor trip under emer-
gency conditions.

	 (f)	Non-return valve: The primary radioactive system is provided with 
multiple pumps operating in parallel to guarantee redundancy and 
ensure adequate core cooling in the event of single pump failure/loss 
of power supply. Under such conditions, the flow rate delivered by 
the operating pumps gets partly diverted through the stopped pump 
bypassing the core. This bypassing of the core is prevented by using a 
non-return valve at the pump discharge (e.g., in the RAPSODIE pri-
mary pump), which acts as a “flow diode” permitting flow through the 
pump in only the forward direction.

	 (g)	Seal: Leak tightness of the pump is paramount because liquid sodium 
catches fire on exposure to air. The task of sealing is simplified by 
making the pumps of vertical construction with the free surface of 
sodium topped by inert (argon) cover gas and sealing the cover gas, 
instead of sodium, from the atmosphere. Moreover, all joints under 
sodium are of welded construction. The sealing is done using multiple 
mechanical seal arrangement equipped with a dedicated lubricating 
oil supply system.

	 (h)	Capacity regulation by speed control: Capacity regulation in sodium 
pumps is achieved by varying the speed of the pump and not by throttling 
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the discharge valve. Valves in sodium systems are restricted to minimise 
the possibility of leakage of sodium to the atmosphere from valve failure, 
thus improving system reliability, and avoiding energy loss due to valve 
throttling.

	 (i)	Hydraulic characteristics: The arrangement consists of multiple pumps 
operating in parallel. The pump hydraulics is designed to achieve 
stable, drooping performance characteristic so that the pumps operate 
at the same duty point. Since capacity regulation is achieved by speed 
variation, the pump characteristics are designed to allow operation 
over a wide range of speeds (typically 15%–100% of rated speed) and 
over a range of flow rates (at a given speed). The latter criterion makes 
possible operation of the system in the event of (i) one pump trip or 
(ii) lower system resistance (e.g., duct or plenum failure).

	 (j)	Other considerations: The overall design of the pump should facilitate 
easy assembly and disassembly for maintenance. Unlike conventional 
pumps, the sodium-wetted pump is to be cleaned from wet sodium 
using a special process (e.g., water-vapour/CO2 process) before it is 
disassembled for maintenance. To prevent sodium accumulation in 
crevices/narrow regions, all sodium-wetted parts are designed to facil-
itate the complete drainage of sodium.

1.4 � SUMMARY

The thermal energy generated by nuclear fission in the core of a fast reactor 
is transferred by liquid sodium to the conventional steam-water circuit to 
drive the turbogenerators and produce power. Either mechanical or electro-
magnetic pumps can be used to circulate liquid sodium in the primary and 
secondary circuits. Mechanical centrifugal pumps are preferred over elec-
tromagnetic pumps because of their proven design, high efficiency, rugged 
construction, and freedom from maintenance. Unlike conventional pumps 
used for water applications, sodium centrifugal pumps have unique design 
features and engineering requirements.

NOTES

	 1	 Power density is a measure of the volumetric heat release rate in the core. Fast reac-
tors are relatively compact to reduce fuel cost and neutron moderation. The typi-
cal power density in a sodium-cooled commercial fast breeder reactor is as high 
as 500 MW(thermal)/m3. In comparison, the power densities in thermal reactors 
are approximately 100 MW(thermal/m3 for pressurised water reactors, about 
55MW(thermal)/m3 for boiling water reactors, and about 19 MW(thermal)/m3 
for PHWRs.

	 2	 The efficiency of electromagnetic pumps ranges from 5% to 45%, whereas that 
of centrifugal pumps of similar capacity is around 80% to 85%.
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	 3	 The Net Positive Suction Head (NPSH) is the total energy at the pump suction 
and is a measure of the cavitation performance of the pump. There are two types 
of NPSH, viz. NPSHA – Net Positive Suction Head Available and NPSHR – Net 
Positive Suction Head Required. NPSHA depends on the piping layout while 
NPSHR is controlled by the design of the pump impeller. To avoid cavitation, 
NPSHA > NPSHR.
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