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Abstract
*

The safe operation of nuclear power plants (NPP) requires a deep 
understanding of the functioning of physical processes and safety systems 
involved. This study was carried out to present an overview of the features 
of safety systems of boiling and pressurized water reactors that are available 
commercially. Brief description of purposes and functions of the various 
safety systems that are employed in these reactors was discussed and a brief 
comparison between the safety systems of BWRs and PWRs was made in 
an effort to emphasize the importance of safety in NPPs.
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GLOSSARY
+

ALARA - Acronym for As Low as Reasonably Achievable: one of the three basic 

criteria recommended by the International Commission on Radiological Protection to 

minimize radiation risks.

Chain Reaction - A reaction that initiates its own repetition. In a fission reaction, free 

neutrons are produced which fly off and strike other nuclei, causing them to split and 

send off yet more free neutrons. The fission will continue as long as there are enough 

free neutrons carrying the right amount of energy.

Cladding - The thin-walled metal tube that forms the outer jacket of a nuclear fuel rod.

It prevents the corrosion of the fuel by the coolant and the release of fission products in 

the coolants. Aluminum, stainless steel and zirconium alloys are common cladding 

materials.
#

Containment - Most reactors are enclosed in a thick, concrete, domed building, called 

the containment. In the event of a release of radioactive material into the reactor 

building, the containment traps the emissions and prevents their escape.

Decay (Radioactive) - The change of one radioactive nuclide into a different nuclide by 

the spontaneous emission of alpha, beta, or gamma radiation, or by electron capture. The 

end product is a less energetic, more stable nucleus. Each decay process has a definite 

half-life.

Decay heat - The heat produced by the decay of radioactive fission products after the 

reactor has been shut down

Feedwater - Water supplied to the steam generator that removes heat from the fuel rods 

by boiling and becoming steam. The steam then becomes the driving force for the 

turbine generator.

Heavy Water - Heavy water or deuterium oxide (D2 0) is a natural form of water used to 

lower the energy of neutrons in a reactor. It is heavier than normal water by about 10 per 

cent, and occurs in minute quantities (about one part heavy water per 7 , 0 0 0  parts water).
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Nuclear Energy - Nuclear energy is the energy stored in the bonds of the sub-atomic 

particles in the nucleus of atoms.

Pressure Vessel - A strong-walled container housing the core of most types of power 

reactors.

Pressurizer - A tank or vessel that controls the pressure in a certain type of nuclear 

reactor.

Primary System - The cooling system used to remove energy from the reactor core and 

transfer that energy either directly or indirectly to the steam turbine.

Radiation - Energy given off by atoms when they are moving or changing state. It can 

take the form of electromagnetic waves, such as heat, light, X-rays, or gamma rays, or 

streams of particles such as alpha particles, beta particles, neutrons or protons.

Radioactivity - The emission of alpha particles, beta particles, neutrons and gamma or 

x-radiation from the disintegration of an atomic nucleus.

Radionuclide - An unstable isotope of an element that decays or disintegrates 

spontaneously, emitting radiation

Secondary System - The steam generator tubes, steam turbine, condenser and 

associated pipes, pumps, and heaters used to convert the heat energy of the reactor 

coolant system into mechanical energy for electrical generation

Turbine - A rotary engine made with a series of curved vanes on a rotating shaft. 

Usually turned by water or steam. Turbines are considered to be the most economical 

means to turn large electrical generators

Zirconium - Zirconium is a metallic element with atomic number of 40. An alloy of 

zirconium known as Zircaloy is extensively used for the cladding of nuclear fuel 

elements.
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Chapter one

lntroducion

1.1 Background

Sudan -  as it is the case for many of the developing countries - is considering 

introducing nuclear power plant for the first time so as to diversify its energy mix.

Nuclear power is a viable, economically competitive and environmentally friendly 

option to produce enough electricity to meet demand expected for the next decades. Nuclear 

energy is currently the largest source of electricity without emission of greenhouse gases. In 

several countries, for base load electricity generation, the capacity factors of NPPs are the 

highest compared to other types of fuel and, except for hydroelectric power, the production costs 

from nuclear power are the lowest. These two factors, among others, have led the nuclear power 

industry to become competitive today in the electricity generation market. However, public 

acceptance is still a major issue to overcome before nuclear power can be exploited to its fullest. 

Issues as nuclear plant security, waste management and reactor safety are constantly being 

debated by society, even when such issues have been shown to have technically sound solutions. 

NPP safety will be discussed in this work. Although safe operation of current nuclear plants is at 

its highest level, the few nuclear accidents, misinformation and lack of understanding of the 

physical fundamentals on nuclear reactor design and operation have led general public opinion to 

still show concerns regarding nuclear reactor safety [2 0 ].

In former days, especially after the Fukushima accidents, radiation exposure to the community 

and environment was the greatest fear concerning nuclear energy and nuclear power plants. 

These accidents renewed interests in the urgent need for strict safety regulations. Many efforts 

have been made to prevent devastating accidents from happening frequently; though, nuclear 

reactors have profound safety systems.

As Sudan has decided to embark on nuclear power and planning to build its first nuclear plant by 

2020, this study will contribute to raise the awareness and nuclear safety culture of NPPs.
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In this study, short description of the safety systems and features of BWR and PWR are 

presented with the intention to better understand and clarify concepts of frequent use in the 

nuclear engineering and safety areas.

1.2 Aim

The basic aim of this thesis is to present an overview of safety systems and features of 

commercial light water reactors (LWR) available; namely Pressurized Water Reactors (PWR) 

and Boiling Water Reactors (BWR), and describe the purpose and functions of the various safety 

systems that are employed in them.

1.3 Organization of the thesis

Chapter 2 gives an introduction to nuclear power reactor plant designs, basic brief introduction 

to nuclear reactor concept including reactor safety. Chapter 3 and Chapter 4, present main plant 

characteristics and safety systems and functions of PWR and BWR, respectively. Chapter 5 

includes the comparison of safety systems of BWR and PWR, whereas conclusion and 

recommendations for future works are presented in Chapter 6 .
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Chapter Two
Introduction to nuclear power reactors

2.1 Nuclear reactor concept

A nuclear reactor is a complex system in which the energy produced by fission nuclear 

reactions and the chain reaction are kept under control [l].They are used for generation of 

electrical energy, isotope production, neutron activation analysis, neutron radiography and a 

multiple neutron scattering experiment [3,27].

2.2 Major components of nuclear reactors

Nuclear reactors have different types and designs, but nearly all of them have similar 

components. These include the reactor core, fuel elements, moderator, coolant, control materials, 

reflectors etc. Figure 1 illustrates the various components of a reactor [1, 5].

Containment cell

Control 
rod

Coolant

O

A  N 1

Steam

c
b

Water

V w

Pump

Steam generator

Steam turbine

Pump

^Electrical
output

Condenser (steam from 
turbine is condensed)

38°C
Water

27°C
Water

Pump

Figl. Schematic diagram illustrating the configuration of a nuclear power reactor
Source: hubpages.com
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2.2.1 Core
The core contain the fuel that fissions to produce the neutrons .The fuel design and array 

vary greatly depending upon the purpose of the reactor .The core may also contain a substance 

called the moderators used to slowdown the neutronsfl].

2.2.2 Fuel elements
Fuel for commercial nuclear power plants consists of uranium oxide pellets stacked in tubes 

(rods) made of an alloy of zirconium, known as cladding. Fuel rods are bundled together to form 

hundreds of fuels assemblies, which form the reactor core in a nuclear power plant. In 

commercial LWR, fuel is a mixture of uranium isotopes, of which 3% is U23S and 

97% t/238.Inside the reactor, most of the U235 splits into fission products and neutrons, giving off 

large quantities of energy. However, only some of the neutrons generate new reactions, some are 

deflected by atoms and are stopped by the metal cladding, causing damage to the cladding over 

time. More importantly, other neutrons are absorbed by the U238 atoms, and cause the uranium to
039

transmute into heavier elements, known as transuranics (TRU) e.g. “ Pu.

Some fission products absorb neutrons, but are too light to fission; thus, they act as neutron 

captures (poisons) and decrease the efficiency of the reactor. In the long run, the reaction is no 

longer self-sustained when the absorption cross-section increases past a certain level and the 

reactor runs out of fissile isotopes. To keep an LWR power plant on the grid, it is necessary to 

replace about 30% of the fuel every 12 to 18 months [2, 27].

Figure 2: A picture illustrating nuclear fuel pellets

Source: Ref [24]
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2.2.3 Moderator
Moderators are materials that are used to slow down the neutrons in the reactors without 

completely absorbing these neurons. Types of moderators include light water (H2 0 ) heavy water 

(D2 O), beryllium, and carbon dioxide. On the contrary, fast power reactors do not require 

moderator as they utilize fast neutrons [2, 5, 27].

2.2.4 Coolant

The coolants flow through the reactor core to remove the heat produced by the fission 

process. Cooling is also needed after a shutdown in reactors which have been operating for a 

significant time to remove the decay heat.

The coolant can be either a liquid or a gas. For thermal reactors, the most common coolants are 

light water, heavy water, helium, and carbon dioxide. The type of coolant is commonly used to 

designate the type of reactor. Hence, the characterization of reactors as light water reactors 

(LWRs), heavy water reactors (HWRs), and gas-cooled reactors (GCRs). The coolant may also 

serve as a moderator, as is the case for LWRs and HWRs. In gas-cooled reactors, the density of 

the coolant is too low to permit it to serve as the chief moderator and graphite is used instead. 

Fast reactors usually use a coolant that has a relatively high atomic mass number such as liquid

metal e.g. liquid sodium; these reactors are termed liquid-metal reactors [9, 2, 5]

Thermal Neutron
Heavy Water 
Moderated

Boiling
Water Reactors

W ater R eacto rs

G as Cooled

i v m p p wmm

W a te r  C o o led

Fast Neutron Liquid M e ta l 
C o o led

Fig 3. A diagram illustrating the kinds of coolant that is commonly used to designate reactors 
types.

5



2.2.5 Control Materials

Control materials are needed to regulate reactor operation and provide a means for rapid 

shutdown. Boron and cadmium are particularly good control materials because of their high 

cross sections for the absorption of thermal neutrons

These control materials are usually used in the form of rods. Control rods for pressurized waicr 

reactors (PWRs) commonly use boron in the form of boron carbide (B4 C) or cadmium in a 

silver-indium alloy containing 5% cadmium. Control rods for boiling water reactors (BWRs) 

commonly use boron carbide. In addition, boron may be introduced into the circulating cooling 

water to regulate reactor operation [9, 1,5].

(a) (b)

2.2.6 Shield

Fig 4. (a) Control rods (b) Control rod Assemblies.
Source: Ref [24]

The shield absorbs the intense radiation emitted both during and after the fission process .Since 

the main components are neutrons and y-ray ,massive shielding may sometime be required! 2,5],

2.2.7 Structural materials or pressure vessel

The main requirements of the structural elements of the reactor are high mechanical 

strength, low neurons absorption, radiation, and heat and corrosion resistance. The usual 

structural materials are made of Al, Al-alloys, Zr, Zr-alloys and stainless steel [ 1,5]
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2.2.6 Reflector

The reflector surrounds the core and reduces the leakage of neutrons from the system. The 

reflector substance must scatter neutrons rather than absorb them, for this reason, materials such 

as beryllium, graphite which are good moderators, are also good reflectors .Also when neutrons 

leave the core ,they encounter the reflector substance ,which scatters are reflects them back into 

the core as shown in figure ( 5) [2,5].

Fig. 5: Illustration of a reactor core with and without reflector
Source: Ref [24]

2.3 Reactor Safety

2.3.1 General uclear safety objective

The objective of reactor safety is that reactors will be built and operated to pose no undue risk 

to public health and safety, therefore, is an essential prerequisite of reactor operation and must be 

placed on an equal footing with electricity production and other benefits of nuclear technology. It 

is further important that nuclear safety experts continue to improve their understanding of the 

risks from nuclear reactors and communicate that information to the public. [4].

2.3.1.1 Radiation Protection O bjectives

The radiation protection objective is to provide that during normal operation, or during 

anticipated operational occurrences, radiation exposures within the NPP or due to any planned 

release of radioactive material from the NPP are kept below prescribed limits and as low as 

reasonably achievable (ALARA) [6 ].
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2.3.1.2 Technical Safety O bjectives

The technical safety objectives are to provide all reasonably practicable measures to 

prevent accidents in the NPP, and to mitigate the consequences of accidents if they do occur. 

This takes into account all possible accidents considered in the design, including those of very 

low probability. With achievement of these objectives, any radiological consequences should be 

minor and below prescribed limits and the likelihood of accidents with serious radiological 

consequences is expected to be extremely low. [6 , 8 , 15]

2.3.2 Elements of Reactor Safety

2.3.2.1 Radionuclide’s o f  G reatest Concern
The radionuclides in a nuclear reactor that could most affect public health if released are 

the fission products and the actinides produced by neutron transmutation. For the most part, these 

radionuclides are harmful only if they are inhaled or ingested and concentrated chemically in a 

susceptible organ .The short-lived fission products constitute the major source of such 

radionuclides in an operating reactor.

The most significant fission products, Sr 9 0  ^ti = 28dj and Cs137(ti_ =  33y )  and the isotopes

of iodine are of particular concern. Strontium has a high fission yield and behaves chemically

like Calcium and is deposited in bone tissue. Both Sr 9 0  and its daughter Y90 ( ti = 64h) produce
2

a very high dose per unit activity, which is quite damaging to the blood cells produced in bone 

marrow. The iodine radioisotopes are concentrated in the thyroid gland, where they would 

produce tumors [7].
*

2.3.2.2 Energy Sources

The potential for the release of fission products is related directly to the amount of energy 

available. The primary energy source is the nuclear energy that is released in a positive reactivity 

insertion. However, there are other important energy sources that can play a role in an accident. 

The heat released in fission products decay is 7.5% of the operating power and constitutes 

substantial heat source for sometime after the reactor shuts down. There is thermal energy stored 

in the reactor materials which may become redistributed (e.g., the flashing of water to steam 

upon depressurization). There are several exoergic chemical reactions, which may take place at

8



elevated temperatures during the course of an accident, most of which produce hydrogen, which 

has an explosive potential [7].

2.3.1.3 Multiple Barriers to Radionuclide Release

Multiple barriers against fission product (and actinide) release are a key safety feature 

of nuclear reactor design. The fission products in an operating reactor are contained within 

l/0 2pellets that are packed into clad fuel elements which are assembled within the reactor core. 

The reactor core is located within a pressure vessel that in turn is located inside a containment 

building. Both the pressure vessel and the containment building are designed to withstand large 

overpressures. Thus the pellet, clad, pressure vessel, containment vessel and reactor building 

constitute five barriers against the release of fission products.

Fig6 .Illustration of physical barriers against fission product
Source: Ref [4]

2.3.1.4 Defense in depth
Consist in a hierarchical deployment of different levels of equipment and procedures in 

order to maintain the effectiveness of physical barriers placed between radioactive materials and 

workers, the public or the environment, in normal operation, anticipated operational occurrences

and, for some barriers, in accidents at the plant. A number of defense systems are established in

stages at the respective levels.

Level 1: Prevention of abnormal operation and failures 

Level2: Control of abnormal operation and detection of failures

9



Level 3: Control of accidents within the design basis

Level 4: Control of severe conditions including prevention of accident progression and 

mitigation of the consequences of a severe accident

Level5: Mitigation of the radiological consequences of significant external releases of 

radioactive material [24. 25.22].

Table 1.Levels of defense in depths
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Chapter Three

Boiling water reactor safety systems
3.1 General

Boiling water reactors (BWRs) are nuclear power reactors utilizing light water as the 

reactor coolant and moderator to generate electricity by directly boiling the light water in a 

reactor core to make steam that is delivered to a turbine generator.

The entire BWR plant is composed of a reactor pressure vessel, a turbine, a generator, a 

condenser and the auxiliary control and heat removal systems. The outline of a BWR power 

plant is shown in Figure (3.1) [2 , 1 , 19, 1 0 ].

Containment Structure

L

Reactor
Vessel

Control Rods

Generator

r

Condenser

Fig 3 .1 General outline of boiling water reactor. Source: Ref [21]

3.2 Safety system s o f BW R

General safety features of the BWR and its containment are designed to handle anticipated 

and abnormal transients as well as postulated accidents. A safety function is identified for each 

event and is incorporated into the design of one or more safety systems. An engineered safety 

feature is a safety system that provides a safety function to mitigate the consequences of 

accidents that may cause major fuel damage. The purpose of these safety features is to prevent 

the release of radioactive materials in excess of permissible levels [16]. These systems may be
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divided into systems necessary for normal nuclear boiler operations, and systems used during 

abnormal plant operation. There are mainly two general categories: of these systems:

> Passive safety systems:-

Safety systems can be passive in the sense that their function does not need an electric 

signal for actuation and power for operation. . The functions of passive safety systems include 

the opening or closing of a valve, natural circulation of the coolant to remove residual heat in 

the reactor shutdown mode, and the steam condensation in the BWR containment pool.

> Active safety systems:-

The systems are said to be active if they need an electric signal for actuation and power for 

operation. An active system may fail if, for example, the power supply to electrically powered 

pumps is not available. [11,22]

The following subsections discuss the major BWR safety systems.

3.2.1 Containm ent (Radiation confinement)

Fig3.2. (a) Schematics of BWR Containment 
Source: http://www.nrc.gov/reading-rm/basic-ref/teachers/03.pdf
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The reactor containment is a leak tight building surrounding the reactor and the central

part of the primary process system. It fulfils several important functions during normal operation
#

and during accident conditions. It acts as a biological shield around the reactor and prevents the 

release of radioactive substances in the event of leakage in the reactor's primary system.

The containment also protects the reactor from the effects of external events. During operation, 

BWR containment is filled with nitrogen at atmospheric pressure in order to eliminate the risk of 

hydrogen explosion in accident situations. This is called inerted containment. In the event of a 

pipe break in the primary system, the over pressure in the drywell is relieved by the steam flow 

through the blow-down pipes and the steam condensation in the condensation pool [11.19]. 

Although the majority of BWR plants utilize a steel containment vessel, a number of units utilize 

either a pre stressed- or reinforced-concrete containment.

Figure 3.2 illustrates the components contained in BWR reactor containment [10]

3.21.1 Pressure Suppression pool system
The BWRs are all designed with a pressure suppression system which is illustrated in figure 3.3
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Fig 3.3 Schematic diagram illustrating the suppression pool of BWR
Source: Ref [13]
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The suppression pool is a large, passive heat sink, which can absorb all the steam
1

released during a LOCA plus an additional amount that is generated by decay heat in the core 

and is transferred to the containment with the emergency core coolant. The pool also absorbs 

steam releases from the safety/relief valves (SRVs) during operation of the automatic 

depressurization system (ADS), and other occasional steam releases to control reactor pressure. 

Another passive feature of the water pool is its absorption and retention capability for filtering 

radioactive material released during a severe core accident when insufficient core cooling water 

is available. [ 18]

3.2.2 Reactor protection system (RPS)

The reactor protection system is designed to initiate measures for preventing fuel overheating 

and for limiting radioactive releases to the environment. The system mainly consists of sensors, 

signal processing units, logic circuits, and actuators for alarms, [11]. The protection system may 

generally be divided into two categories; the one devised for emergency shutdown of the reactor 

in operation and the other for operation of the engineered safety system like the emergency core 

cooling system [12].The system has a layered structure with step-raised actuation set points and 

priorities. The input signals are obtained from detectors which monitor safety-related plant 

variables. Signals requiring the same action are grouped into safety chains. [11]

3.2.3 Shutdown system

The reactor is rapidly shut down by the hydraulic scram system. The control rods are fully 

inserted within 4-6 seconds. The control rods can also be screwed into the core using electrically 

driven motors, which is called fine-motion control rod insertion. In this way the control rods are 

inserted into the core within 4 minutes from a fully withdrawn position.

If it is impossible to insert the control rods, the reactor can be shut down by the injection of 

boric acid solution into the reactor vessel. The boron injection system consists of two 

independent circuits with piston pumps, tanks of sodium penta-borate solution, valves and 

pipelines. The boron injection system is initiated manually.

The control rods are arranged in eighteen independent scram groups, each comprising eight to 

ten rods. The reactor can be kept sufficiently sub-critical in its most reactive condition even if
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one of the scram groups fails. At operating temperature it is sufficient if only half of all rods are 

inserted into the core.

As shown in Fig. 3.4, each of the following conditions is sufficient to achieve reactor shutdown:

- Automatic or manual scram with failure of a maximum worth scram group.

- Automatic speed reduction of the main recirculation pumps and screw insertion.

- Automatic speed reduction of the main recirculation pumps and manually initiated 

boron injection.

These conditions are conservative since the reactor can be shut down at operating 

temperature even if a large number of control rods fail.

HydrouUC
scram

-mot***1 
centred

Recrcuict 
pump 
run bock

Manual
initiation

i

Boron
injection

Fig 3.4: A diagram illustrating BWR shutdown systems

3.2.4 Emergency core cooling system (ECCS)

ECCS is provided for the case when a break accident occurs to reactor coolant system 

piping and the reactor coolant is lost from a reactor core (loss of coolant accident -LOCA) [19]. 

ECCS is to provide sufficient cooling of the core to prevent gross core meltdown and/or fuel 

cladding fragmentation, thereby limiting release of radioactive materials and ensuring that the 

core maintains a cool able geometry (16)

The ECCS of the latest versions of BWRs e.g. BWR6, is composed of four separate subsystems: 

the high-pressure core spray (HPCS) system, the automatic depressurization system (ADS), the
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low-pressure core spray (LPCS) system, and the low pressure cooling injection (EPCI) systems. 

In addition, the reactor core isolation cooling (RCIC) system and the residual heat removal 

(RHR) system can be used for emergency core cooling. These systems are shown schematically 

in Fig. 3.5 [16,10],

Boiling Water Reactor' (BWR) 
Reactor’ Press ore Vessel ( N P v ) Didgr’dT 0 - S|3

I 1 ’ 1 i 1 ’'HI

AD S

LKt: •:
L ‘."rv

■ '  > r  *  4. r - t - r  v

' < r - ;  :

Fig 3.5: A diagram illustrating ECSS of a BWR

Source:Ref [21]

3.2.4.1 High pressure core spray system (HPCS)

The purpose of the HPCS System is to depressurize the nuclear boiler system and to 

provide makeup water in the event of a loss of reactor coolant inventory. In addition, the HPCS 

system prevents fuel cladding damage (fragmentation) in the event the core becomes 

uncovered due to loss of coolant inventory by directing this makeup water down into the area of 

the fuel assemblies.. The HPCS System is an integral part of the total design for ECCS, which 

provides for adequate core cooling and depressurization for all rates of coolant loss from the
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nuclear boiler. Operation of the system is automatically initiated from independent redundant 

signals indicating low reactor vessel water level or high pressure in the primary containment. 

The system also provides for remote-manual startup, operation, and shutdown.

3.2.4.2 Automatic Depressurization systems ADS (safety relief valves)

The basic safety function of the pressure relief system is to protect the reactor from 

overpressure. In certain abnormal situations, the system must also be able to rapidly reduce 

reactor pressure from the normal 7.0 MPa to a low level so that the low-pressure coolant 

injection system can be used. This function is known as automatic depressurization. The 

pressure relief system is also designed to control the reactor pressure in situations when the 

turbine condenser is needed but not available to receive steam. The pressure relief system 

consists of eight safety valves and eight relief valves with pipelines. The valves are connected 

to the main stream lines inside the reactor containment and discharge into the condensation 

pool. The relief valves are also actuated automatically in certain situations involving steam 

blockage such as turbine trip with failure of the steam bypass system and closure of the main 

stream line isolation valves. The valves remain open for at least 4 seconds, after which closure 

is actuated as the closure-set point pressure is reached. Failure to close is indicated in the control 

room. The safety valves are automatically actuated by electric signal when automatic 

depressurization is called for. There is no closure signal in this case [11, 10].
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Fig 3.6: Schematic showing pressure relieve valve in a BWR
Source: Ref [11]

3.2.4.3 Low-pressure core spray systems (LPCS)

The function of the LPCS System is to prevent fuel cladding damage (fragmentation) in 

the event the core is uncovered by the loss of coolant. The system goes into operation once the 

reactor vessel pressure has been reduced and the operation of the other systems of the ECCS 

prove inadequate to maintain the necessary water level in the reactor vessel at the reduced vessel 

pressure. The system is connected to the containment suppression pool for its supply of 

water for cooling and connectable to the residual heat removal system for testing and flushing. 

The spray system may be operated (automatically or manually) from the standby diesel-generator 

[13].The low-pressure core spray system is designed to suppress steam generated by a major 

contingency. As such, it prevents reactor vessel pressure from going above the point where LPCI 

and LPCS would be ineffective, which is above 32 atm (3200 kPa, 465 psi). It activates below 

that level, and delivers approximately 48,000 L/min of water in a deluge from the top of the core 

[21,10].
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3.2.4.4 Low-pressure coolant injection system (LPCI)

The low-pressure coolant injection system can be operated at reactor vessel pressures 

below 465 psi. The LPCI consists of 4 pumps driven by diesel engines, and is capable of 

injecting about 150,000 L/min of water into the core. Combined with the CS to keep steam 

pressure low, the LPCI is designed to suppress contingencies by rapidly and completely flooding 

the core with coolant [21]. The pumps deliver full flow inside the core shroud when the 

differential pressure between the reactor vessel and the containment approaches 20 psi (138 Pa). 

The availability of the LPCI function is not required during normal nuclear system startup or 

cool down when the reactor vessel gage pressure is less than 135 psi (931 kPa). The operability 

of the pumps can be tested at any time during normal plant operation by bypassing the reactor 

vessel and pumping the flow back to the pressure suppression pool [13, 10].

Fig 3.7 : Schematic of low pressure cooling injection system
Source: Ref [11]

3.2.5 Reactor core isolation cooling system  (RCIC)

The reactor core isolation cooling system is not a safety-related system property, but 

is included because it can help cool the reactor in the event of a contingency, and it has 

additional functionality in advanced versions of the BWR.
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RCIC is a feed water pump meant for emergency use. It is able to inject cooling water into the 

reactor at high pressure. It injects approximately 2,000 L/rnin (600 gpm) into the reactor core. It 

also takes less time to start than the HPCI system, approximately 5seconds from an initiating 

signal. It has apple capacity to replace the cooling water boiled off by residual decay heat, and 

can even keep up with small leaks.

The RCIC can make up this water loss, from either of two sources: a makeup water tank located 

outside containment or the wet-well itself. The RCIC also uses the wet-well as the "condenser" 

for its own steam supply. [21.10].

3.2.6 Condensation system

The condensation system consists of the wet-well of the reactor containment; it receives 

and condenses the discharged steam. The system designed to be able to receive all the steam 

escaping into the containment from a large pipe break in the primary system without the pool 

water becoming too hot. In addition, the condensation pool serves as a water reservoir for 

certain auxiliary cooling systems. The condensation pool is cooled by a heat exchanger via 

diesel-backed cooling circuits to the sea. The temperature of the water in the pool is normally 

maintained at about 20°C and must not in any event exceed 95°C [11].

3.2.7 A uxiliary feed w ater syste (AFW S)

The AFWS is designed to supply the reactor with water if the ordinary feed water 

system is unavailable. It will also contribute to protecting the core against overheating in the 

event of a large loss of coolant accident. AFWS consists of four independent loops, each 

equipped with a piston pump which draws water from the condensation pool. The water is 

distributed over the reactor core. The system water can be supplied at any reactor pressure. [11]

3.2.8 Residual heat rem oval (RHR) system

The RHR system removes residual heat generated by the core under normal and 

abnormal shutdown conditions. The LPCI function of the RHR system is an integral part of the 

ECCS [19.13]. The design objectives of the system are:
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-To restore and maintain, if necessary, the water level in the reactor vessel 

after a LOCA so that the core is sufficiently cooled to prevent fuel cladding 

damage (Fragmentation).

-To limit suppression pool water temperature.

-To remove decay heat and sensible heat from the nuclear boiler system while the 

reactor is shut down for refueling and servicing.

-To condense reactor steam so that decay and residual heat may be removed if the 

main condenser is unavailable (hot standby).

-To supplement the fuel and containment pools cooling and cleanup system capacity 
when necessary to provide additional cooling capability [13, 10].

3.2.9 Reactor Water Cleanup System (RWCS)
The purpose of the RWCS system is to maintain high reactor water quality by removing

fission products, corrosion products, and other soluble and insoluble impurities. In addition, the 

system provides a means for water removal from the primary system during periods of increasing 

water volume.

During startup and other times of increasing water volume, excess water is normally 

removed from the reactor by blow down through the cleanup system to the main 

condenser, or alternately to the waste collector tank, or waste surge tank. During this operation, 

the operation of the RWCS is controlled from the main control room. [13, 10]

%
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Feedwater tines 
Stejtcfcwn cooing system
Reactor water cleanup system
Condensate c learvjp system 
with preooot filters

Fig 3.8: A diagram illustrating the Reactor Water Cleanup (RWC) System of BWR.

Source: Ref [13]
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The sea is the ultimate heat sink for the reactor power which is not utilized. During 

normal operation, cooling is primarily via the turbine condenser and the main cooling water 

system [11]. The RCW system is provided for removal of heat being generated in the 

components of both safety and non-safety systems and also for transfer of residual heat after 

emergency shutdown of the reactor into the ultimate heat sink. The system comprises three (3) 

subsystems corresponding respectively to each of the 3-division emergency cooling systems. 

Each of them can be operated for cooling independently without any loss of safety function of 

the total system, even on assumption of a single failure of components [13,12].

3.2.10 Cooling water systems

Fig 3.9: A diagram illustrating cooling water system in a BWR

Source: Ref [11]
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Chapter Four

Pressurized water reactor safety systems
4.1. General

A pressurized-water-type nuclear power reactor (PWR) uses light water as the reactor 

coolant and moderator in the state of high temperature and high pressure not boiling in the 

reactor core and sends the high-temperature and high-pressure water to steam generators to 

generate steam with heat exchangers for a turbine generator to generate electricity [23],

In figure (4.1) it can be noted that there are two cooling circuits: primary and secondary. PWR 

nominally incorporates a two-coolant system. The primary circuit transfers heat from the core to 

steam generators. The number of circuits varies between designs, as do the steam generators. 

The secondary circuit produces the steam for the turbine. The primary side pressure is high 

enough to prevent boiling [14].

Contomment Struct ure

Reactor
Vessel

L

Generator

Fig 4.1: General outline of PWR power plant
Source: Ref [21]

4.2 Safety systems of PWR

A number of important safety systems are added to the basic reactor system in order to 
minimize the danger of reactor accidents. The main PWR safety systems are:

4.2.1 Reactor protection system

As in boiling water reactors, the reactor protection system consists of:
■ an analog part, comprising sensors and signal processing equipment;
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a logic part which analyses the signals in order to set diagnosis and develop signals to 
relays which initiate required action, such as scram, start-up of the emergency core 
cooling systems etc [ 11, 15].

4.2.2 Containment structure

The PWR primary containment structure surrounds all the components of the primary 

cooling system, including the reactor vessel, steam generators, and pressurizer as shown in 

(Fig 4.2). Reactors Containments are strong enough to withstand the pressure created by large 

amounts of steam that may be released from the reactor cooling system during an accident. To 

further limit the leakage from the containment structure following an accident, a steel liner that 

covers the inside surface of the containment building acts as a vapor-proof membrane to prevent 

any gas from escaping through any cracks that may develop in the concrete of the containment 

structure. Two systems act to reduce temperature and pressure within the containment structure: 

a fan cooler system that circulates air through heat exchangers, and a containment spray system 

[17,23],

boron control

graphite moderator

reactor core

heat exchanger

ccld gas

Fig 4.2: A diagram illustrating PWR reactor containment and its contents 
Source: http://content.tutorvista.com/physics_l 0/content/media/nuc_reactor.swf

4.2.2.IContainment Spray System (CSS)
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The CSS is an engineered safeguard designed to limit the peak pressure in the reactor 

containment building to a pressure less than the containment design pressure, in the event of a 

LOCA or a steam break accident inside the containment. The system also acts to remove
AT

airborne fission products (such as iodine) from the containment atmosphere should thev be 

present due to a fuel cladding break. The CSS achieves the above objectives b\ spraving a 

sodium hydroxide solution of borated water throughout a large volume portion of the 

containment atmosphere as shown in f igure 4.3. The system consists of a containment spray 

storage tank (CSST), a spray additive tank (SAT), two pumps, two heat exchangers, and a set

of spray ring headers located in the upper dome of the containment and having nozzles

designed to provide adequate containment spray coverage [ 13,23 j.
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f ig 4.3 schematic diagram illustrating PWR containment system where the spray system is
shown. Source: Ref 11 1]

4.2.2.2 Hydrogen Control in Containment

Under accident conditions, coolant radioactivity and the Zirconium -water reaction can result in 

the release of hydrogen gas to the containment atmosphere. Kventually the gas could accumulate
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to an explosive hydrogen/oxygen concentration. To control this potential risk the reactor 

containment is provided with:

>  A hydrogen detection system (consisting of Alarms at proper set points) that can detect 

and report in a continuous manner the hydrogen content in the containment atmosphere.

>  A containment ventilation system that circulates the containment atmosphere to remove 

pockets of high hydrogen concentration after an accident.

> Hydrogen recombiners that bum the free hydrogen. The hydrogen/oxygen combination 

results in water [26].

4.2.3 Emergency Core cooling System (ECCS)

The purpose of the ECCS is to replace the lost coolant in the event of a pipe break or 

large leak in the reactor coolant system, so that core cooling is maintained. The ECCS 

consists of three subsystems:

• the high-head injection system

• the accumulator system

• the low-head injection system

The high head injection system consists of four pumps. One connected to each cold leg. 

These deliver water from the refuelling water storage tank once the pressures fall below about

12.5 MPa. The high head pumps ensure sufficient injection to protect against small breaks or
+

loss of coolant system inventory where the pressure in the primary circuit remains relatively high

In a large LOCA, the core is uncovered very rapidly and there is a need to deliver a 

large quantity of water to the core region. This function is discharged by the accumulators. The 

Accumulators discharge at about 4.5 MPa RCS pressure and are connected to the cold legs.

The low head safety injection system is required to provide adequate cooling in the longer 

term in the event of a large LOCA. This system uses the two pumps and heat exchangers in 

the RHRS to deliver water from the refuelling water storage tank to the cold legs. The 

low head system can deliver once pressure falls beneath about 1.7 MPa [11, 13,17,15,26].
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Fig 4.5 Schematic of pressurized water reactor ECCS
Source: Ref [11]

4.2.5 Residual Heat Re oval (RHR) System

The primary function of the RHR system is to transfer heat energy from the core and RCS 

during plant cool-down and refueling operations .The system is designed to reduce the RCS 

temperature to 140°F (60°C) within 20 hours after reactor shutdown [26]. During normal 

shutdown to "cold" conditions, the steam generators and the turbine condenser are first used to 

remove heat and lower the pressure. The RHRS may also be used to transfer refueling water 

between the refueling cavity and the RWST (refueling water storage tank) at the beginning and 

end of refueling operations. The residual heat removal pumps and heat exchangers are also 

utilized as part of the Safety Injection System for emergency core cooling in the event of a 

LOCA .When the pressure falls below 3 MPa, the residual heat removal system is taken into 

operation and ensures the continued cooling of the shutdown reactor. The pumps in the residual 

heat removal system then take suction from the reactor coolant system and circulate the water 

through coolers back to the reactor [11.26.15]

28



4.2.6 Pressure relief systems (PRS)

The reactor coolant system is protected against overpressure by control and protective 

circuits such as the high-pressure actuated scram and by safetv/relief valves connected to 

the top head of the pressurizer. (Fig4.6 illustrates safety valves).

Severe accident valves

Safety valves

Fig 4.6 Picture illustrating the safety and severe accident valves 

Source: Technical Briefing on Reactor technologies. David Newland. 2009. F-Doe#3466260

Figure4.6 Illustrates the safety valves which opens automatically when a signal is 

received indicating high pressure in the pressurizer. or manually, from the control room. There 

is a motor-operated block valve for each relief valve which is normally open but which can be 

closed in the event of failure or leakage in the relief'valve. The opening pressure of the relict' 

valves is set at 16.1 MPa which is 0.35 MPa below the pressure which initiates scram. There arc 

also pressure relief and safety valves in the main stream lines which discharge into the 

atmosphere. They protect against over-pressure in the steam lines and are also used to blow off 

steam when the turbine condenser is unavailable. The valves have a capacity corresponding to 

full reactor power [11, 15].
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Fig 4.7 schematic diagram of PWR pressure relief valve
Source: Ref [11]

4.2.7 Auxiliary feed-w ater system

The purpose of the auxiliary feed water system is to provide a supply of high-pressure 

feed water for core decay heat removal following the loss of normal feed water supply. The 

system delivers cold water to the steam generators' secondary side allowing heat to be dissipated 

through the secondary side safety/relief valves. Two independent subsystems are provided: One 

subsystem employs a steam turbine driven 100% capacity pump with steam supplied from some 

or all of the steam generators. The other subsystem utilizes two 50% capacity electric motor 

driven pumps. The motor-driven units are connected to diesel generators for availability 

following loss of auxiliary power.

4.2.7 Cooling w ater system s

During normal operation, most of the waste heat generated by the plant is removed by the 

reactor coolant system (fig4.8) and the turbine condenser and discharged into the ultimate sink.
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A small amount is removed by the component cooling water system which cools some of 

the pumps and heat exchangers in the normal operating systems. The safety function of the 

component cooling water system includes the removal of heat from the heat exchangers in the 

containment spray system and the heat exchangers in the residual heat removal system. The heat 

exchangers in the component cooling water system are cooled by the salt water system to the sea. 

However, during realignment to the recirculation mode in connection with emergency core 

cooling and containment spray cooling, two pumps are required in each train [11. I3J.

- t w i n  N t a U R  STfAW f . l P f UY  VVSTtM

Fig 4.8 PWR coolant system .The RCS is made up of a pressurized water reactor vessel and a number 
of reactor coolant loops connected in parallel to the reactor vessel. Each reactor coolant loop contains a 
reactor coolant pump and a steam generator. Source: nucleartourist.com
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Chapter Five
*

m

Comparison between PW R  and BW R Safety Systems

General

Basically, the operations of the PWR and the BWR are similar. Water flows through the 

reactor core, steam is produced, the steam proceeds to turn a turbine-generator, electricity is 

produced, the steam is converted back to water, and the process is repeated.

The differences in the operations of the two light water reactors involve:-

■ The method in which the steam is produced.

■ The pressure in the system.

■ The process through which the steam goes through after being produced.

In a PWR, the primary coolant, after passing through the core and absorbing heat, 

proceeds to a secondary system consisting of a steam generator. The primary coolant then flows 

through many hundreds of small stainless-steel tubes in the heat-exchangers, which are part of 

the steam generator. These heat-exchanger tubes are surrounded by the water of the secondary 

system which is heated by the primary coolant in the tubes. Wet steam is then produced.

Unlike the PWR, the steam in a BWR is introduced directly into the core. Jet pumps 

circulate the coolant water along the individual fuel rods in each fuel assembly in the core where 

it boils and becomes a two-phase steam-water mixture.

The pressure in a PWR varies from the primary to the secondary system. In the primary 

system, the pressure is maintained at about 2250 pounds per square inch (psi) to prevent steam 

from forming. The pressure is then lowered at 600 psi to form the steam. The pressure is 

controlled by a pressurizer.

In contrast, the BWR operates at constant pressure. The primary system operates at 

pressure about one-half that of a PWR’s primary system while producing steam of equal quality
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After the wet steam is formed in PWR, it passes upward through the risers and enters

the steam-separator portion of the steam generator. Here the moisture is removed and returned to
+

the heat-exchanger portion through the down-comers. The dry and saturated steam leaves the top 

of the steam separator and goes to the turbine.

The wet steam formed in a BWR leaves the core and also goes through a steam separator. 

However, unlike the PWR, the steam goes through steam dryer, where additional moisture is 

removed. The steam then proceeds to the turbine. This steam, unlike that of the pressurized water 

reactor, is radioactive

In PWRs, the mechanisms controlling the nuclear reaction are placed above the core but in 

BWRs, the mechanisms are below the core in a pattern quite similar to general cell pools

Safety Functions

There is no precise distinction between operating systems and safety systems. Both types often 

interact to carry out a particular safety function

In the following sections some essential safety functions in boiling and pressurized water 

reactors are compared.

Reactor coolant make-up (RCM)
m

In the BWR, make-up water is normally supplied by the feedwater system, which 

receives water from the condensate system. If the feedwater system is not available, for example, 

due to malfunction of the turbine condenser or loss of auxiliary power, the auxiliary feedwater 

system will assume the make-up function. Water is then drawn from the containment 

condensation pool. The pool water is replenished by condensing steam from the reactor.

In the PWR, the make-up function is carried out by the chemical and volume control 

system. Charging pumps draw water from storage tanks containing deionized water and boric 

acid. The water and boric acid are mixed to obtain the desired boron concentration in the reactor 

coolant system.
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Emergency core cooling

During small pipe breaks in BWR, the auxiliary feed-waier system is used for core 

cooling, and the containment spray system for containment cooling. If the water level in the 

reactor vessel cannot be maintained, automatic depressurization is initiated, after which the low- 

pressure injection system is used. When a large pipe break occurs, the pressure rapidly falls 

below 1.5 MPa and the low-pressure injection system begins to pump water into the reactor.

Emergency core cooling in the PWR in a large LOCA, the core is uncovered very rapidly 

and there is a need to deliver a large quantity of water to the core region. This function is 

discharged by the accumulators. The accumulators discharge at about 4.5 MPa RCS pressure 

and are connected to the cold legs (as described in chapter 4).

Residual heat removal
p

In the BWR, residual heat removal is normally effected by carrying steam from the 

reactor to the turbine condenser and the main cooling water system. The condensate is returned 

to the reactor via the condensate and feedwater systems. At temperatures below 188°C, the 

shut-down cooling system is taken into operation. Another cooling route , used when the main 

condenser is unavailable, is via the pressure relief system to the condensation pool in the 

reactor containment. The condensation pool is cooled by the containment cooling system from 

which the decay heat is removed by the diesel-backed cooling systems to the sea. When the 

turbine condenser is unavailable as a heat sink, the excess steam is discharged from the reactor 

into the condensation pool in order to maintain a constant reactor pressure.

In PWR (as described in chapter 4) the same pumps and heat exchangers used during 

normal residual heat removal are also used in the low-head injection system for emergency core 

cooling in the recirculation mode. Another cooling route is via the containment spray system.

4
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Pressure relief valve

BWR Safety-relief valves open to depressurize the reactor cooling system so that the 

high volume low pressure ECCS pumps can be used to cool the reactor core

PWR safety-relief valves protect against over-pressure in the steam lines and are also 

used to blow off steam when the turbine condenser is unavailable. The valves have a capacity 

corresponding to full reactor power
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Table2. Summary of general differences/similarities between BWR and PWR

Heat generated

Core physics &fuel

Operation reactor pressure

Reactivity control

Direct cycle

Similar

Low

Control rod based

Indirect cycle

Similar

High

Control rod and chemistry 
based

Chemistry

Way steam is produced

Produced steam

Pure water

Directly in the system

Goes through separator, then 
through steam dryer then to 
turbine thus the steam is 
radioactive

Borated water

In secondary reactor system

Goes through steam separator 
then to turbine; not radioactive

Control rod

Pressure

hydraulic driven and are 
inserted from the bottom of
the reactor______
Constant, 1040 psi

held in place electro-
magnetically and are inserted 
from the to
Varies , 2250 psi, then
lowered
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Table 3 Summary of general differences/similarities between safety functions of BWR and PWR

i X ' V  < • » : t i iy n m
V ^ f t l  : i .  K J  i t c x u

RCMs supplied by the feed-water system, carried out by the chemical 
which receives water from the volume control system
condensate system from storage tanks

ECCS

protect

-During small pipe breaks, the auxiliary - Pressures fall below about 12.5 
feedwater system is used for core MPa. The high head pumps ensure 
cooling, and the containment spray sufficient injection 
system for containment cooling. against small breaks.
- large pipe break, pressure below 1.5 - In a large breaks the core is 
MPa and the low-pressure injection uncovered very rapidly 
system begins to pump water into the accumulators.The accumulators
reactor discharge at about 4.5 MPa.

- Large loss of coolant accident. 
The low head system can deliver 
once pressures fall beneath about
1.7 MPa

RHR - Removes residual heat generated by -Reduces the RCS temperature to 
the core under normal (including hot | 140°F (60°C) within 20 hours after 
standby) and abnormal shutdown reactor shutdown
conditions

PRY -T o  depressurize the reactor cooling - protect against over-pressure in

system so that the high volume low the steam lines and are also used to 
blow off steam when the turbine

pressure ECCS pumps can be used to . . unavai|abI,

cool the reactor core valves have a capacity
corresponding to full reactor power
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Chapter Six

Conclusion and Recommendations

Conclusion

The BWR and PWR types are so well known, it is hard to justify a section dedicated to 

describing them. It is also hard to give justice to the details in their respective design and 

operational attributes even in a large book. For our purpose here, the main features showing 

similarities and differences suffice in order to demonstrate that there is room for further 

optimization and simplification for reactors of the LWR types. Brief description of the safety 

systems and features of typical commercial PWR and BWR were presented here in order to 

understand and clarify these safety systems. Comparison between the two main Light Water 

Reactor types shows that both types of LWR are safe and have a good design and appropriate 

procedures that make an accident probability incredibly low. There are four main differences 

between the two systems; the steam in a PWR is produced in a secondary system while the steam 

in reactor BWR is produced directly in the reactor core. The pressure of a PWR varies from the 

primary system to the output steam while the pressure of a BWR remains constant. The steam in 

a PWR after coming out of the steam separator proceeds directly to the turbine while the steam 

in a BWR, after coming out of the steam separators, proceeds to a steam dryer and then to the 

turbine. The steam produced in a boiling water reactor is radioactive, whereas the steam 

produced in a pressurized water reactor is not, so this is probably why the number of built P WRs 

units is more than BWRs.
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Recommendation

Improvement of NPP design is a continuous and evolving process that is driven by the 

safe operation of power reactors. So, since Sudan is intending to include nuclear power in its 

energy mix, strategies should be in place to enhance the syllabus of nuclear engineering and 

nuclear sciences in the education system. Therefore, future work may include studying safety 

systems of B WR and PWR in more details to gradually build up a community of power reactor 

workers who could assure the safe operation of NPPs in Sudan in a more sustainable manner. 

The expansion of nuclear science programs also means enhancing the safety culture for nuclear 

applications in general and power reactors in particular.

One of the pillars and grantor of high quality education are the availability and 

sustainability of funds. In addition to enhancing the commitment of government institutions to 

make available enough funds and budget for education and training, private sector, particularly 

organizations investing in power generation, need to be mobilized to support the education and 

training institutions.
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