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PREFACE 

This report is a compendium of safety-related passive and inherent structures, systems, 
and components (SSCs) for light-water reactors (LWRs). Systems, structures, and 
components are the "building blocks" that are combined to create a complete reactor design. 
The SSCs described herein range in development from new concepts to commercial 
technologies. 

The SSCs for this report were identified using two approaches. First, detailed literature 
and patent searches were conducted of both domestic and foreign information sources. 
Second, an extensive review process was used. The »'..aft report was sent to vendors, 
utilities, the Electric Power Research Institute, consultants, architects/engineers, national 
laboratories, and universities. The assistance of reviewers was requested in two areas: 
(1) evaluation of those technical areas of the report where the reviewer is knowledgeable 
and (2) identification of missing SSCs (building blocKs) for inclusion in the final report. 
The authors of the report thank the reviewers for their comments and for identifying 
additional SSCs for inclusion in the final n t. 

An addendum to this report is planned for the future. This addendum would include new 
SSCs, newly identified SSCs, and SSCs currently being prepared for patent applications 
and, therefore, not included in this report. The authors request the assistance of readers in 
identifying additional SSCs. Comments may be sent to: 

Dr. Charles W. Forsberg 
Oak Ridge National Laboratory 
P.O. Box 2008 
Oak Ridge, TN 37831 

Dr. Peter M. Lang 
U. S. Department of Energy 
Washington, D.C. 20545 

In 



ABSTRACT 

A nuclear power plant is composed of many structures, systems, and components 
(SSCs). Examples include emergency core cooling systems, feedwater systems, and 
electrical systems. The design of a reactor consists of combining various SSCs (building 
blocks) into an integrated plant design. A new reactor design is die result of combining 
old SSCs in new ways or use of new SSCs. 

This report identifies, describes, and characterizes SSCs with passive and inherent 
featt- - ~an be used to assure safety in light-water reactors. Existing, proposed, and 
speculative technologies are described. The following approaches were used to identify 
the technologies: world technical literature searches, world patent searches, and 
discussions with universities, national laboratories and industrial vendors. 

x x i 



1. INTRODUCTION 

LI REPORT OBJECTIVES 
The objectives of this report are 10 identify and characterize existing and proposed, 

passive and inherent, safety-related structures, systems, and components (SSCs) and 
design features for Advanced Light-Water Reactors (ALWRs). The first four chapters 
(-20 pages) define die report's contents and describe how the report was prepared. The 
last nine chapters provide descriptions of the technologies. 

1.2 EXPLANATIONS OF TERMS IN STATED REPORT OBJECTIVE 
Structures, systems, and components (SSCs) are the items of equipment that are 

used to accomplish safety and process functions and are the building blocks used to 
design a reactor. A reactor has many plant structures, systems, and components (building 
blocks). For example, there are safety-related and process-related core heat removal 
systems, steam supply systems, and electrical systems. Any new power reactor or odier 
new industrial facility can be expected to consist of a mixture of SSCs (building blocks) 
that will be based on both existing and new technologies. New concepts for reactors may 
involve new arrangements of existing SSC technologies or combinations of old and new 
SSC technologies. 

Safety-related refers to the functions and equipment performance requirements 
necessary to protect die health and safety of workers and the general public from 
radiological hazards. As used within this report, "safety-related" does not refer to other 
process functions or equipment required by law and regulation to provide nonradiological 
environmental protection or industrial safety against nonradiological hazards to workers. 

Design features are those features of the reactor plant such as materials of 
construction and geometric arrangement diat, if altered or modified, would have a 
significant impact on the capability to ensure plant radiological safety. 

Existing and proposed SSCs and design features are included in this report. New 
proposed SSCs, in terms of development, may vary from a concept that has been 
proposed but not studied to a concept that has gone through extensive design and testing. 

A passive safety system is a system composed of passive components and 
structures. A passive component is a component which does not need any external input 
to operate (1). 

l - l 
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An inherent safety characteristic is a characteristic that results in the elimination of a 
specified hazard by means of the choice of material and design, through the laws of nature 
only (1). 

A nuclear reactor can never be completely inherently safe because it contains large 
quantities of radioactive materials to generate usable heat-energy; but nuclear reactors can 
be made inherently safe against some types of events and have characteristics which limit 
the consequences of certain postulated accidents. 

There are multiple types of safety characteristics: inherent, passive, and active. 
Examples of fire protection systems can clarify these terms. A concrete building full of 
glass bottles to be recycled is inherently safe against fire. A fire cannot occur. A tank-fed 
water sprinkler system is a type of passive safety system. An active system is die use of 
fire detectors, pump units, and firemen, 

1.3 REPORT RELATIONSHIP TO LIGHT-WATER REACTOR PROGRAMS 
The United States has a large, complex program on light-water reactors including 

near-term, mid-term, &nd long-term objectives. An overview of various reactor options in 
terms of their development is shown in Fig. I.I. This report provides support to various 
activities including long-term options. The contents of this report reflect this perspective 
by including existing, proposed, and speculative SSCs (building blocks) that could be 
applied to LWRs. An effort has been made to carefully define the status of the various 
technologies. Ii must, however, be understood thai not ail of these SSCs (building 
Mocks) may work nor may all of these technologies he acceptable for reasons pf 
economics, investment protection, or nonradiological safety considerations. Independent 
analysis and experiments by the authors of this report have not been done on the concepts 
described herein. The capabilities describr d of these SSCs (building blocks) are those 
identified in the literature. The process of research on advanced reactors is first to identify 
options and then to determine which options are feasible. This report is the first step and 
part of the second step of this process. 

1.4 USES OF REPORT 
This report is written for technical and management personnel involved in research 

and development (R&D) on existing and advanced LWRs. Particular SSCs or design 
features described herein may be applicable for retrofit on existing reactors or incorpoiated 
into various advanced reactor concepts. 



FUTURE REACTOR OPTIONS* 
OffNL DWO MA-M7M 

ALL FUTURE 
REACTORS 

fWOVBI TEOHMOIOQV 

HIGH CONFIDENCE 
NEAR TERM AVAILABILITY 
NO PROTOTYPE REQUIRED 

tVOLUTIONARY 
ALWR 

APWR/ABWR 

PROVEN 
TECHNOLOGY 

EHEI 
SMALLER. MORE 
PASSIVE ALWR 

AP600/SIR/SBWR 

OTHER 
EVOLUTIONARY 

DESIGNS 

I EPRI ALWR REQUIREMENTS I 
I OOCUMENT I 

U.S. LWR VENDOR PROGRAMS 
L a i ^HHBBi a a a a « I B M • • • • • • « • • • mmJt 

LICENSED UNDER CURRENT REGULATIONS 
NO PROTOTYPE PER 10CFR52 (DRAFT) 

DEVELOPMENTAL 
TECHNOLOGY 

DtV lLOrMPf fAL TBOHNOtOOY 

HIGHER UNCERTAINTY 
DEPARTURE FROM PROVEN TECH. 
LONGER-TERM AVAILABILITY 
PROTOTYPE MAY BE REQUIRED 

I DEVELOPMENTAL! 
J LWR J 

REGULATIONS DEVELOPED VIA 
ADVANCED REACTOR POLICY STATEMENT 

PROTOTYPE MAY BE REQUIRED TO 
DEMONSTRATE DESIGN MATURITY 

PER 10CFRS2 (DRAFT) 

•OtAQRAM SAWD ON CPM PKS. ATWN TO ACM ALWR SUBCOMMTTCC, PALO ALTO. CAUfORNIA, APRIL 12. I M t 

Fig, 1.1. Future reactor options. 

u> 



1-4 

The report has multiple uses: 
• ft defines current and proposed options for advanced reactors. 
• b defines the current status of technology tor various SSCs. 
• ftklMtifiesfurictkjoalrequirem 

passive safety system options or only options that would be difficult to 
irnpfanenr. This assists in defunng future directions ofresearch. 

15 DEFINITION OF REPORT CONTENTS 
A power reactor has many SSC options. It is necessary to have a screening 

technique to define the building blocks (SSGs) or design features that sliotild be induded 
in tins report and those that should be excluded A two-part screening process is used to 
define the report content Thisindudes defining the characteristics deshxd of rite safety 
systems and defining the safety-related functknal requirements. The screening process is 
shown in Fig. 12. 

15.1 Obfccriv«andGnab 
This report describes technologies for achievement of reactor safety wim passive or 

inherent safety SSCs. Thu restriction on the characteristics tf the safê ^ 
used as a screening mechanism to determine the contents of this report Section 2 
provides additional information on this constraint 

1.S.2 LWR Safetv-Rclatrri Funrrinnal Reqiritemena 
The second screening step used to define the report contents was the requirement 

that each SSC included should meet a functional requirement for LWR safety. A 
functional analysis of LWR safety was completed to define these requirements in a 
systematic manner. As discussed in Chapter 3, the safety-related functions for LWRs are 
derived from a top-kvel assessment of the sources of potential challenge to fission product 
and radionuclide barriers in the reactor. These safety-related functions relate to 
(1) preventing and (2) mitigating the release of radiation through those barriers. A detailed 
functional analysis is provided in Fig. 1.3. 

It should be noted that equipment that is not classified as "safety-related" may still 
execute safety functions under certain conditions. For example, there may be several sets 
of SSCs or design features that are dedicated to accomplish a specific functional 
requirement depending on the reactor operating mode or state of challenge. In current 
generation LWRs, heat removal from the reactor is accomplished in combination with the 
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primary coolant system by (1) die main steam and feedwater systems during normal 
powered operations, (2) the residual heat removal system during normal shutdown. 
(3) the emergency feedwater system during loss of normal heat sink, and (4) the 
emergency core cooling system during large breal loss-of-coolant or total loss-of-heat-
sink transients. Typically, process systems, such as main steam and feedwater systems, 
are not required by regulations to be seismically and environmentally qualified as "safety-
ielated" equipment; but, the accomplishment of die safety function (core heat removal) by 
such process equipment is assured during normal operation by NRC technical 
specifications on normal process variables that are indicative of die continued operability 
of the equipment ami the mamfenance of nefn^ Since the proper functioning 
of this type of equipment is indicative of the abseiice of a safety challenge as opposed to 
the mitigation of challenge, such equipment is not classified by regulations as being 
"safety-related." In general, the mitigation functions discussed in Section 3 reflect a 
consistent definition for safety-related functions as expressed in most current regulatory 
requirements. 

1.6 ORGANIZATION OF SSC DESCRIPTIONS 
This report organizes descriptions of SSCs by functional requirement This 

organizational approach allows investigators to identify existing or proposed options for 
accomplishing LWR safety-related functional requirements. It also provides a way to 
identify where passive safety systems or inherent safety characteristics do not exist to meet 
a functional requirement Sections 5 through 13 describe the SSCs meeting the respective 
functional requirements. 

Within each functional requirement chapter, the top-level functional requirement may 
be broken into lower-level requirements. This reflects the fact that an SSC may meet 
either a top-level functional requirement or only a lower-level functional requirement that 
stems from the top-level requirement For example, the functional requirement to remove 
core heat can be broken down into tower-level requirements such as maintain core coolant 
boundary integrity, maintain core coolant makeup, and transport heat to ultimate heat sink, 
A single SSC or combination of SSCs may meet a lower-level functional requirement such 
as maintain core coolant boundary integrity. 

Some SSCs may meet multiple functional requirements. In such cases, the 
description of a particular SSC is included in only one section of the report, but is cross-
referenced where appropriate. 
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The report does include some SSCs that may not fully qualify as passive safety 
systems or inherent safety characteristics. In many cases future R&D may be able to 
upgrade such building blocks to qualify; hence, such options are included. 

1.7 REPORT ORGANIZATION 
The first four sections define the organization and contents of the report. Chapter 2 

summarizes objectives, chapter 3 summarizes functional requirements, and chapter 4 gives 
the standard format used to describe each SSC in the following chapters. Chapters 5 
through 13 contain the actual SSC descriptions organized by functional requirement. Each 
SSC description is a complete, stand-alone description. 

1.8 REFERENCES 
1. International Atomic Energy Agency, 'Technical Committee Meeting on Definition 

and Understanding of Engineered Safety, Passive Safety and Related Terms", 
Vasteras. Sweden, May 30 - June 2,1988. [Various draft descriptions of safety 
concepts for advanced reactors were prep;uied duriny the meeting by the meeting 
group as a whole and refined later by a smaller group. The useage herein is 
generally consistent with those descriptions.] 



2. REPORT OBJECTIVES AND GOALS 

For advanced light-water reactors, there are several approaches to improve economics 
and safety. One approach which has been recognized (1-3) as potentially offering major 
gains in power reactor economics and safety is the use of inherent safety characteristics and 
passive safety systems. 

The development of inherent safety and passive safety systems has generally lagged 
behind that of other safety systems for a variety of reasons. An early philosophy of reactor 
operations emphasized the role of die operator. Operator selection, discipline, training, and 
knowledge were stressed as the basis for safe, efficient nuclear reactor operation. By the 
late 1970s, the increased complexity of nuclear power plants with size, the larger number 
of nuclear reactors with the need for more operators, the requirements placed on die 
operator for electric generation (high efficiency, operation within electrical grid 
constraints), and accidents where operator error was a factor changed the philosophical 
basis of depending primarily on the operator for safety. Simultaneously, major advances in 
passive safety systems were made. As a consequence, passive safety is receiving increased 
emphasis as an approach to improve safety while reducing costs. Passive systems tend to 
be simple to build, maintain, and operate, but difficult to invent. They are often the most 
advanced technologies. 

In a complex plant such as a light-water reactor power plant, multiple structures, 
sySvems, and components are required to assure safety. If a power plant as a whole is to 
depend only on passive safety systems and inherent safety characteristics, each power plant 
system and subsystem can only use passive safety systems or inherent safety characteristic 
SSCs. In effect, the characteristics and performance of the entire reactor depend on the 
characteristics and performance of individual SSCs (building blocks). 

If new reactor designs using passive and inherent safety or new SSCs with passive 
safety systems and inherent safety characteristics are to be developed, a prerequisite is to 
know what has been proposed or developed. This report catalogs SSCs releasable at the 
time of preparation. 
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3. SAFETY-RELATED FUNCTIONAL REQUIREMENTS 

3.1 INTRODUCTION 
As described in Fig. 1.3, the goals for LWRs are fust to design and operate the 

facility to preclude challenges to fission product barriers, but, if such challenges are not 
precluded, to maintain control of the radionuclides that may be released through one or 
more fission product barriers. This approach to safety is that of defense in depth, both 
(1) by the provision of SSCs and design features that eliminate or substantially reduce the 
likelihood of challenges and (2) by the provision of SSCs and design features that either 
provide the redundant and diverse physical barriers to fission product release or otherwise 
ensure the integrity of those barriers under challenge. The basic functions are thus the 
(1) prevention and (2) mitigation of challenges. 

For purposes of defining safety-related functional requirements, the fundamental 
safety-related function to be accomplished is the control of radionuclides to ensure meeting 
regulated dose guidelines for workers and the general public. Given that radiation and 
radionuclides are inherent in the fission process that generates the usable heat and energy 
in the reactor, the production of the source for radiation exposure cannot be prevented. 
The sources of radiation can only be controlled to prevent radionuclide leakage or with the 
defense in depth capability to mitigate its effects through attenuation of leakage. Thus, in 
defining safety-related functional requirements, the prevention of challenge is viewed as a 
functional subset to the mitigation of the challenge. 

This premise has been incorporated into a functional analysis for LWRs. As 
illustrated in Fig. 1.3, the top-level safety-related functional requirement is to maintain 
control of radionuclides and the radiations that emanate from them. To be comprehensive, 
Fig. 1.3 acknowledges that radionuclides and radiation can exist in and emanate from 
other sources that may be located at a reactor site. However, during plant operation, the 
reactor core is the dominant source of radionuclides, and the development of the safety-
related functional requirements for the LWR is thus focused on controlling radionuclides 
that are in the reactor core as the result of powered operation. As shown in Fig. 1.3, the 
key safety-related subfunctions that must be accomplished to control release of 
radionuclides from the core include, in the sequence of successive levels of challenge: 

• maintain core integrity, 
• control transport of radionuclides from the primary circuit, 
• control transport of radionuclides from containment. 

J - 1 
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Table 3.1 Functional Safety Requirements ferLWRs 

Jtatei Fun t̂ionaJ requirements §S££JnpJs*_ 
1.0 Maintain core integrity 

1.1 Control core heat generation rate (reactivity control) Chapters 
1.1.1 Provide process shutdown mechanism 
1.1.2 Limit excess reactivity 
1.1.3 Control reactivity with inherent feedback 

1.2 Remove core heat Chapter 6 
1.2.1 Maintain core coolant boundary integrity 
1.2.2 Maintain core coolant makeup 
1.2.3 Transport heat to idtimaieheat sink 

1.2.3.1 Transport heat 
1.2.3.2 Heat sink 

1.3 Control chemical attack of clad Chapter 7 

2.0 
Chapter 8 

Control transport from primary circuit 
2.1 Maintain coolant boundary integrity uiapicro 
2.2 Control primary circuit pressure Chapter 9 
2.3 Isolate primary circuit from balance of process Chapter 10 

3.0 Control transport from containment 
3.1 Maintain containment boundary integrity Chapter 11 

3.1.1 Effect containment isolation 
3.1.1.1 Containment structure 
3.1.1.2 Containment isolation 
3.1.1.3 Pressure control 

3.1.2 Control energy in containment 
3.1.2.1 Reduce energy sources 
3.1.2.2 Heat removal 

3.2 Trap radionuclides Chapter 12 

aChapter 13 contains SSCs which do not fit any of the above categories. 
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Each of these key subfunctions can be divided further into more detailed functional 
requirements dial reflect die unique or inherent features of die water-cooled reactor 
(Table 3.1). The detailed functional requirements for LWR safety are discussed below. 

32 MAINTAIN CORE INTEGRITY 
Traditionally. LWR fuel pellets and cladding have been classified as die first 

barrier to die release of fission products. Maintaining die integrity of LWR fuel and 
cladding is based primarily on ensuring that the rate of core heat generation does not 
exceed the rate of core heat removal bodi during normal operation and under decay heat 
loads. A secondary function has been to ensure the integrity of the cladding to degrading 
effects such as normal corrosion, oxidation, hydriding, and other forms of chemical attack 
eidier from the hot irradiated fuel (pellet clad mieraction) or from the ingress of 
undesirable chemicals such as chlorides into the primary coolant. As referred to herein, 
maintenance of core integrity excludes prevention of minor pinhole leaks in the fuel for 
which nonnal reactor water cleanup systems are designed to handle. 

The control of core heat generation in turn depends upon, or at least is gready 
facilitated by, meeting odier functional requirements that relate to controlling die neutronic 
reactivity of die core configuration. At a minimum, these include: 

* the provision of a process shutdown mechanism, 
* the limiting of excess reactivity, both locally and globally in die core and in 

the control and protection system, and 
* the control against positive reactivity insertions by control of reactivity with 

inherent feedback. 
The need for a process shutdown mechanism is listed as a separate functional 

requirement but does not necessarily imply diat a separate set of SSCs is required since die 
process shutdown mechanism may be effected through feedbacks that are initiated by an 
external manual or automatic feature. Limiting excess reactivity in the design of die core 
and of the control and protection systems limits die challenge that can be posed by 
equipment malfunction or externally induced core disruptive events. Limiting excess 
reactivity locally within die core achieves power tayloring so that local heat generaron 
rates do not exceed the heat removal rate. The provision of reactivity feedback 
mechanisms (diat is, negative reactivity coefficients) provides for die intrinsic stability of 
die core during challenges posed by positive reactivity insertions up to the design limits on 
available excess reactivity. 
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The required capacity to remove core heat stems from the need to balance heat 
generation against the capacity of the core to absorb heat without reaching temperatures 
th£! challenge the integrity of the core fission product barriers. In LWRs, the heat capacity 
of the core below fuel-clad damaging temperatures is relatively small compared to that of 
the water in die core. Because water/steam is a two-phase fluid that can change phases 
widiin the pressure-temperature conditions that occur in the conventional LWR core, water 
must be present to maintain core cooling. The need to keep the core supplied widi water 
implies three additional subtier functional requirements: 

* die maintenance of the core coolant boundary integrity so thatwaterdoes 

not leak from the reactor vessel or primary circuit in excessive amounts, 

* the maintenance of core coolant makeup to ensure adequate core inventory 

over all fuel, and 
* menansponofheattoanultiniatesirdcrromu^eccTCCColingwatersotrm 

stable or decreasing temperatures can be achieved in the core and core 
coolant (If die latter functional requirement is not met, the two functional 
requirements listed above may not be achievable in reasonable and stable 
fashion.) 

3.3 CONTROL RADIONUCLIDE TRANSPORT FROM THE PRIMARY CIRCUIT 
If core integrity is lost, fission product and/or irradiation product radionuclides 

will enter die primary circuit. If die primary coolant boundary integrity has been 
maintained, die release of radionuclides will be limited to within die reactor primary 
system, and the primary coolant cleanup systems can be used to remove fission products. 
If leak pathways exist from the primary circuit, funher leakage can be controlled by 
controlling primary circuit pressure, which povides die driving force for leakage, and by 
isolating die primary circuit from the balance of die process plant. If a major breach has 
occurred in die primary circuit boundary, pathways will exist for leakage of radionuclides 
into the containment. 

A distinction is made between "maintain coolant boundary integrity" associated 
with control of radionuclide transport from the primary circuit and "maintain core coolant 
boundary integrity" associated with maintaining core integrity. To prevent radionuclide 
transpon, the boundary must be gas tight. To protect core integrity, liquid water must not 
leak out of the reactor core. A small opening at the highest point of the primary system 
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might not affect core integrity, but it reduces control of radionuclide transport from the 
primary system. 

3.4 CONTROL RADIONUCLIDE TRANSPORT FROM CONTAINMENT 
The control of radionuclide transport from containment can be achieved by meeting 

two key functional requirements: 
* the mamtenance of contairunent boundary integrity so diat radionuclides 

will not teak, and 
* trapping the radionuclides within containment 

Maintaining containment boundary integrity requires the isolation of containment and the 
control of energy released in containment such that boundary integrity is neither lost nor 
degraded by dynamic effects. 

The trapping of radionuclide releases into containment is the last functional barrier 
to external releases. Even if containment boundary integrity has been lost, the trapping of 
radionuclides inside containment can preclude releases to the environment 

3.5 AFFECT RADIONUCLIDE TRANSPORT FROM SITE 
In the past, the assurance of elevated release points, the distance for attenuation 

provided by plant setting and exclusion areas, and the reliance on emergency procedures 
have been the mechanisms for initiating the transpon of radionuclides from the site to the 
surrounding population and environment Advanced technologies with appropriate 
characteristics to meet the preceding sequence of functional requirements may obviate the 
need to rely on these latter mechanisms. 

3.6 REPORT ORGANIZATION 
The descriptions of SSCs in this report are organized using die preceding 

functional requirements analysis for LWRs. A summary of the chapter organization is 
shown in Table 3.i. 

Within any chapter, the SSC descriptions are ordered in a hierarchical fashion 
from highest to lowest functional requirement. For example. Chapter 5 describes devices 
for the second level functional requirement of reactivity control. Descriptions of second-
level SSC devices which provide complete reactor reactivity control (1.1) are first, 
followed by descriptions of devices which meet only third level functional requirements 
(1.1.1, 1.1.2, and 1.1.3) for reactivity control as shown in table 3.1. 



4. FORMAT OF SSC DESCRIPTION 

4.1 INTRODUCTION 

This report describes and identifies stnicauies,systeinstandconyonents(SSCs)n^cc<ild 
be the building blocks for an advanced light-water reactor. These SSCs are described in a 
common format. Descriptions are not intended to provide detailed infonnation, but rather, 
to describe the principles of operation of each SSC, current status of development, and 
references where detailed information can be obtained. 

Many SSCs almost, but not quite, qualify as passive safety systems or inherent safety 
characteristics. Some of these are included here smce additional work may upgrade such 
SSCs so they qualify. 

42. SSC FORMAT 

The format used to describe each SSC is shown in Table 4.1 wirh a description of each 
line. A simplified example of an SSC description is included in Table 42. 

4-1 
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Table 4.1 Structures, Systems and 
Components Description Format 

Format Description 

Tide Title of SSC 

Functional requirements list of the functional requirements identified in 
Chapter 3 of tfiis report which may be met by 
this SSC 

Safety type Type of safety: 
other 

inherent, passive, active, or 

Developmental status The current status of this technology on a scale 
of 1 to 5 

Status 

1 Commercial 

Definition of status Status 

1 Commercial In commercial application in multiple light-water 
reactors 

2 Demonstrated Technology has been 
demonstrated in one or more 
reactors or sufficient design 
verification exists for first 
application in a power 
reactor 

3 Evaluated Prototype testing or 
equivalent is required 
before application 

4 Analyzed Technology has been 
analyzed for application 

5 Concept Conceptual ideal 

Reactor type 

Examples of implementation 

Organization (Name) 

Types of reactors to which die technology could 
be applied: 

LWR 

BWR 
PWR 

light-water reactor (PWR 
and BWR) 
boiling-water reactor 
pressurized water reactor. 

Examples of implementation. Examples may 
include non-LWR reactors 

Type of organization (name of organization) 
which either developed or is u:.ing the particular 
building block 
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Table 4.1 (continued) 

Format Description 

Description 

Alternative versions 

Status of technology 

Description of the technology. This will 
generally include a very simple nonmadiematjcal 
description of the physics of the SSC. This may 
be followed by a sumn/try of an actual design 
using summary table or figure 

Alternative versions or use of the technology 

Current status of technology 

Advantages 

Added requirements 

Comments 

References/contacts 

Update date/compiler 

Potential advantages of particular SSCs are 
described as ideritified from the literature. (No 
independent analysis of these advantages was 
done.) Advantages may include safety, cost, 
and operations. 

Some safety systems may have additional 
functional requirements beyond those needed for 
LWR safety as defined in Chapter 4. Additional 
requirements raise questions about meeting 
safety goals 

Any additional items of interest not included 
elsewhere. 

References or contacts for additional information 

Last update of description/Compiler of this 
information sheet 
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Table AX Abbreviaied*m»h^edexampfcofSSC 
format and description 

TTTLE: REACTOR PRESSURE VESSEL WITH NO BOTTOM PENETRATIONS 

Rmcrional Requirements: Level 12.1: Maintain Core Coolant Boundary Integrity 

Safety Type: Inherent 

Developmental Stains 1: Commercial 

RcacWfTypC Light-water reactor (LWR) 

Orpngation: Vendors (Multiple) 

EflfflnPnTl fff T m P l H n f n t f l r i ^' Yankee Rowe Nuclear Power Plant, Massachusetts, PWR 

Description: Reactor pressure vessel is designed with no bottom penetrations. Lowest 
vessel penetrations are the cold and hot water nozzles near die top of the pressure vessel. 
The reactor core is placed at die bottom of die pressure vessel. 

AhsnaiiYtYHskm: None 
Status of Technologv: Technology is standaid practice fcrieactorab^ 
vendors. 

Advantages: 1. No bottom vesrel penetratkins eliminate die possibility of pipe or 
instrument tube failure draining pressure vessel Minimum emergency 
core cooling water quantity is ensured by die pressure vessel volume 
below die nozzles and above die reactor core. 

2. Higher reliability, faster, simpler inspection of pressure vessel integrity 

Additional Requirements: None 

Comments: 1. See: "Reactor Pressure Vessel widi Minimum Penetrations." 
2. The largest existing pressure vessels widi this feature are those for 

certain heavy water reactors (1). Heavy water reactors have lower 
power densities which require die use of larger pressure vessels than for 
LWRs. 

References; 

1. "Building a 745 MWe Pressure Vessel PHWR in die Argentine," Nuclear Engineering 
International, 30 (September 1982). 

Update/Compiler: Nov. 1988; CWF 



CHAPTER 5 

Structures, System and Components 
to Control Core Heat Generation 

Rate (Reactivity Function) 

Function 1.1 



Table 5.1 Structures, Systems, and Components to Control Core Heat 
Generation Rate (Reactivity Control): Function LI 

Location of 
Description Title Function Description Ease 
Process Inherent Ultimate Safety (PIUS) Reactor 
Technology 

1.1 Chapters 5-4 

Passively Safe Prcssurized-Water Reactor with 
Gas Bubble 

1.1 Chapter 5 5-13 

Passive Control of Power Levels by Variable 
BoronConcentratJon in Pressurized-Water 

LI Chapters 5-17 

Reactor (GEYSER) 

Use of Hydrides which Reversibly Adsorb and 
DesorbHydrogen to Control Reactivity in LWRs 

1.1 Chapters 5-21 

Hydraulic Control Rod System with Passive 
Shutdown Mechanisms for Whole Core 

1.1.1 Chapters 5-29 

Disturbances (Low Water Level, Rapid Pressure 
Changes) in a Boiling-Water Reactor 

Slow-Withdrawal Control Rods 1.1.1 Chapters 5-35 

Fluidized Bed Control Rods 1.1.1 Chapters 5-38 

Self-Actuating and Locking Shutoff Valve for 1.1.1 Chapter 5 5-41 
Hydraulic/Fluidic Control Systems Initiated on 
Low Water Flow or High Temperature 

Neutron/Gamma/Coolant Thermal Fuse Control 
Rods/Devices 

In Reactor Core Power Fuses 

Use of Select Material Phase Changes to Enhance 
Doppler Reactivity Feedback in LWRs 

Large-Prompt Negative-Moderator Coefficient of 
Reactivity from Hydrogen Bond Structure 

High-Temperatures Ceramics, Clads, and Fuels 
for LWRs 

Graphite-Disk UO2 Fuel Elements for Enhanced 
Thermal Margin and Reduced Excess Reactivity 

Graphite-Disk UO2 Fuel Elements for Enhanced 
Thermal Margin and Reduced Excess Reactivity 

.1.2 Chapter 5 5-44 

1.2 Chapter 5 5-49 

1.3 Chapters 5-57 

1.3 Chapter 5 5-59 

1.3 Chapter 5 5-61 

1.2 Chapter 5 5-65 

1.3 Chapter 5 5-65 
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Absorber (Poison) Pill for Reactor Shutdown on High 
Temperatures 

Fluidic In-Vessel Emergency Core-Cooling System 

Low-Water-Level Initiated, Hydraulic-Valve 
OperatedJEmergency Core Cooling and Shutdown 
Systems 

Passive Safety and Shutdown System 

Fluidized Bed Pressurized-Watd Tveactor 

Integral Safety Injection Systems 

1.1.3 Chapter 5 5-68 

1.1.1 Chapter 6 6-9 

1.1.1 Chapter 6 6-15 

1.1.1 Chapter 6 6-26 

1.1 Chapter 6 6-29 

1.1.1 Chapter 6 6-58 



5-4 

TITLE: PROCESS INHERENT ULTIMATE SAFETY (PIUS) 
REACTOR TECHNOLOGY 

Functional Requirements: Level 1.1 Control Core Heat Generation Rate (Reactivity Control) 

Level 1.2 Remove Core Heat 

Safety Type: Passive 

Developmental Status; 2 Demonstrated 

Reactor Type: Pressurized-Water Reactor (PWR) 

Organization: Vendor (Asea Brown Boveri) 

Examples of Implementation: None 
Description: Process Inherent Ultimate Safely (PIUS) refers to a reactor concept and a 
particular technology. The PIUS concept2-12 limits reactor power to safe levels and is an 
emergency core cooling system. 

PIUS is a modified "swimming pool" PWR where the swimming pool is at full reactor 
pressure and contains high concentrations of cool borated water. The reactor is at the 
bottom of the swimming pool in a second volume of hot reactor water mat contains a low 
concentration of boron. In the event of an accident, die cool borated (neutron poison) 
water enters die reactor core and shuts it down. The reactor core is cooled by boil-off of 
the borated water. The time period that die ECCS works in a passive mode depends upon 
the quantity of borated water available to be boiled off. Current proposed designs vary 
from two days to one week of passive heat removal. 

The unique feature of PIUS is that the cold borated water zone is in direct contact with die 
hot, low-boron-concentration, reactor coolant water. The cool borated water does not enter 
die reactor core during normal operations due to a hydraulic balance maintained by die main 
recirculation pumps. The operating principles of PIUS are shown in Fig. 1. 

Fig. la shows natural circulation PWR reactor core (Q inside a very large pressure vessel 
(A). The reactor core is in a zone of low boron water (D) at the bottom of die riser. The 
riser incorporates a pressurizer (I) to maintain reactor vessel pressure at desired levels. The 
pressure vessel is primarily filled with cool borated water (B). The tow boron concentration 
of reactor water allows die reactor to be critical and produce heat. In tiiis configuration, die 
reactor would be quickly shut down by natural circulation of borated water into die reactor 
core from below (J) and out through die top of die riser (K). 

In Figure 1 b, the hot reactor water is returned from point M near die top of die riser to point 
N below die core by addition of a recirculation pump (E). 

In Figure lc, a steam generator (F) has been added to die circulating water flow to keep die 
temperature constant. The steam generator and pump can be located eidier inside or outside 
the pressure vessel. The reactor is a natural circulation reactor that depends upon 
differences in water densities of the high-temperature, low-boron-concentration water in die 
riser and the low-temperature, high-boron-concentration water in die pool. The pump 

1 of 9 
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simply overcomes pressure drops in the steam generator and the associated piping between 
points M and N. It pulls tb«fuUfk>w of hot water from OK reactor at point M and delivers 
it to point N. 

There are two flow paths for the water from above the reactor core (point M) to back below 
the reactor core (point N). The first is through the steam generator and pump (M,F,E,N). 
The second is through the cold borated water zone (MJCJB J.N). If the cool, highly 
borated water flows into the reactor core, it will be shut down. This does not happen in 
operation due to a careful hydraulic balance generated by die pump. 

If the recirculation pump slows down below the natural water circulation rate (Fig. Id) 
through die reactor core, cold borated water wfll enter the reactor core from point J and shut 
die reactor down. If die pump operates too fast, pump suction will draw cold borated 
water into die system near point M and dirough die steam generator and pump (Fig. le). 
The pump discharge vdll push some highly borated water into die reactor core near point N 
and push die remaining water into die cold borated water zone below point N. In effect, 
die hot, tow-borated water zone diat allows die reactor to produce power is stable against 
ingress of cold borated water at only one pump speed for each set of operating conditions. 

The hot reactor water is separated from cold borated water by interface zones (J, K). The 
large density differences between die two water zones make die interface very stable. 
Instruments sense if die hot/cold interface zone is moving up or down and adjust die pump 
speed accordingly. 

Power levels in die reactor core are controlled by varying die boron concentrations in die 
hot reactor water. The hydraulic balancing also protects against reactor overpower 
conditions or loss of feedwater to die steam generators. In eidier case, boiling will 
eventually occur in die reactor core (Fig. 10. Boiling causes major increases in natural 
circulation flows dirough die reactor core. Since die recirculation pump is sized so diat it 
physically cannot handle tiiese higher water flows dirough die reactor core, die hydraulic 
balance breaks down and cold borated water enters die reactor core from die bottom. 

After die reactor shutdown, die cool borated water heats up by absorbing radioactive decay 
heat Eventually die borated water boils and steam is released dirough pressure relief 
valves. The reactor will be cooled as long as water remains in die pressure vessel. 

The most advanced reactor design12 using this SSC is die proposed Secure P® reactor by 
Asea Brown Boveri (ABB) -Atom (Fig. 2). The design criteria for this reactor includes 
assurance of reactor safety after sabotage events or assault by conventional, off-tiie-shelf 
military weapons. The Secure P« is a 640 MW(e), 2000 Mw(t) reactor. A prestress 
concrete reactor vessel (PCRV) is used [see Prestress Concrete Reactor Vessel (PCRV) for 
Light-Water Reactors]. This allows die following: 

1. The PCRV contains sufficient borated water to cool die reactor core for a period of 
one week after reactor shutdown. 

2. The PCRV is sufficiently large to allow spent fuel storage for reactor lifetime in die 
PCRV. 

3. The PCRV provides very high levels of protection against external threats. 
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Table 1 summarizes some of the design parameters.12 

Alternative Versions: The basic concept of PIUS provides reactor core cooling until the 
volume of pool water has evaporated. For typical designs, a one-week supply of water is 
provided inside die pressure vessel. This cooling time can be extended indefinitely by use 
of any one of several long-term options to cool the borated water and, hence, the reactor 
core. The one-week grace period provided by die borated water evaporation implies that 
radioactive decay heat from die reactor core will have decreased significantly in tfiis time 
period. Heat leaks through die insulation from die hot primary system to die cool borated 
water during normal operation; dierefore, borated water coolers are needed for normal 
operation. The same cooling systems can handle long-term decay heat cooling loads. 

There are multiple long-term options for cooling die borated water (see also SSC: Heat 
Pipe Cooling for Reactor Containment or Decay Heat Cooling Systems), including use of 
natural circulation air coolers (see Fig. 3). Widi diis option,7 die borated water coolers 
contain a fluid such as ammonia. The ammonia boils in die coolers, removing heat from 
the borated water. The vapor-state ammonia flows to an air cooler, is condensed, and die 
liquid flows back to the borated water coolers. The air coolers can operate eidier widi fans 
or as natural air circulation units. 

During normal operations, die borated water is kept near 50°C. In emergency conditions, 
die borated water will be at die boiling point of water (100°C) if die reactor is fully 
depressurized. Air cooler performance improves rapidly widi higher temperature 
operation. In a number of proposed designs,13 requirements for cooling borated water 
during pormal operations controlled die design. For example, an air cooler requiring active 
fans for normal borated water cooling could handle higher temperature decay heat cooling 
requirements widi die air cooler fans off. 

The most recent1 4'1 5 design of die ABB PIUS reactor includes long-term decay heat 
cooling widi four natural circulation air cooling loops. With this design, after 14 hours, 
uiree of die four loops will handle die total decay heat widi reactor water temperatures 
below 100°C. The system is used for both normal and emergency cooling of die borated 
water. 

Status of Technology: There are several programs investigating die PIUS concept. The 
largest program is lead by ABB-Atom. Vendors in several countries are working with 
ABB. An alternative version of PIUS is being investigated in Japan at the University of 
Tokyo. 

1. The ABB-Atom program1'8 has as its goal commercial development of a passively 
safe PWR called Secure P®, which is based on this SSC. Current design studies 
are based on a 640 MW(e) power plant. The original concept of PIUS grew out of 
an earlier joint Swedish-Finnish program to develop an ultrasafe district heating 
reactor. The concrete reactor vessel technology came from an ABB program to 
develop concrete pressure vessels for 1000 MW(e) boiling-water reactors (BWRs). 

ABB-Atom has done extensive research on its Secure P® reactor and believes diat 
die technology is now ready for application in a commercial-sized demonstration 
plant. Research on a Secure P® has included large scale test rigs,8 with pressures 
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up to 2.5 MPa, temperatures to 225°C, and fuel test bundles with heating 
capabilities to 2.5 MW. The test rig date has confirmed earlier computer models on 
the performance of the PIUS concept. Joint studies between various utilities (South 
Korea, China, and Italy) and ABB-Atom are currently under way. 

2. A smaller research program911 on the PIUS concept is located at the University of 
Tokyo. The studies emphasis a modular PlUS-type reactor called the Intrinsically 
Safe and Economical Reactor (ISER). The PIUS principles are used, but a steel 
(rather than concrete) pressure vessel is used. The long-term objectives are to 
develop a modular, barge-sited, nuclear power plant The smaller pressure vessel 
limits cold borated water supplies in the vessel to one or two days of emergency 
cooling. The program is receiving some industrial support from Japanese reactor 
vendors. 

Advantages: Totally passive safety systems for PWRs. 

Additional Requirements: None 

Comments: In the PIUS concept, all fluid lines into and out of the pressure vessel have 
siphon breakers which prevent siphoning of water from the vessel. 

References/Contacts: 

1. K. Hannerz, Nuclear Reactor Plant. U.S. Patent 4,526,742 (July 2, 1985). 

2. ABB-Atom, PIUS Nuclear Power Plants. November, 1984. 

3. U. Bredolt et al., "PIUS - The Next Generation Water Reactor," American Nuclear 
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Table 1. Some key design data for the Secure-P Reactor 

Thermal power MW 2000 
Electric power (net) MW 640 
Core exit temperature °C 289.8 
Core inlet temperature (full power) °C 260 
Core coolant flow kg/s 13000 
Primary system pressure (pressurizer) MPa 9.0 
Number of fuel assemblies 213 
Number of fuel rod/assembly 316* 
Fuel enrichment, reload fuel % 3.5 
Core height (active) m 2.50 
Core diameter (equivalent) m 3.76 
Core pressure drop (dynamic) MPa 0.039 
Number of steam generators 4 
Steam pressure (steam generator exit) MPa 4.0 
Steam temperature °C 270 
Number of reactor coolant pumps 4 
Pool temperature (normal operation) °C 50 
Concrete vessel cavity diameter m 13.4 
Concrete vessel cavity total height m 34 
Concrete vessel cavity volume m3 3820 

* Up to 32 fuel rods containing BA (GCI2O3) 
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TITLE: PASSIVELY SAFE PRESSUREED-WATER REACTOR 
WITH GAS BUBBLE 

Functional Requirements: 1.1 Control Core Heat Generation Rate (Reactivity Control) 

\2 Remove Core Heat 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: Vendor (Asea Brown Boveri) 

Fxamples of Implementation: None 
Description: This reactor concept was originally developed as a low-temperature (< 200°C), 
low-piessure,distrk2heaDAgieactw,biit 
power reactors. The reactor vessd is contained widnn a large pressure vessel f u ^ with cold, 
highly borated water (Fig. IX The water in die primary circuit in die reactor vessel and in die 
heat exchanger has a relatively low bonjn concentration and, during normal operation, 
reactivity is controlled by the addition of edher pure water or boraied water t o t e primary 
circuit as needed. Nonnalieactor shutdown is acconatfshedty 
die core (Fig. 2a). Under emergency conditions, die reactor is designed to shutdown 
automatically duough die inflow of cold, highly borated pool water into the core (Fig. 2b, 2c). 
Subsequendy, natural chculation is estabushed between die ieactorvesrel and die pressure 
vessel pool water to remove residual heat from die core (Fig. 2d). 

The reactor can be cooled two ways: 

1. Water can enter below die reactor core from die pressure vessel pod (A), flow 
through die reactor core, and exit back to die pool (B). Since die pressure vessel pool 
contains highly borated water, tins cooling mode automarkaUy results m reactor 
shuidown and decay heat removal. 

2. Water from die recirculation pump can enter die reacOT below the reactor core, go 
through the core, and be circulated back to die heat exchangers. 

Both water flow paths are open with no shutoff valves. The hydraulic performance of die 
pump detern^swnether a hydraulic tjalanceu 
water out of die reactor core and allow operation of die reactor. The hydraulic balance 
requires proper operation of the recirculation pump and normal operating conditions in die 
reactor core. Abnormal conditions allow cold borated water into the reactor core. 

The reactor uses a gas (e.g., nitrogen or steam) bubble above and below the reactor core to 
isolate die low-boron primary cooling water from the high-boron pressure vessel pool 
water during normal reactor operation. The upper pan of the reactor vessel is a long pipe 
that is filled with gas, the volume of which is approximately equal to the volume of water 
normally in the reactor vessel. The pipe is open at the top and the upper end is enclosed by 
a hood so mat a gas trap is formed, creating an upper gas-water boundary. During reactor 
startup, the main circulating pump is started at the same time gas is delivered to the upper 
bubble. The bubble pushes the water level in the pressure vessel down to a constriction 
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above the core, where it remains during normal operation. The constriction contains die 
lower gas-water boundary. At die bottom of die reactor vessel there is also a gas trap, but 
die height of die bubble is negligible compared to diat of die upper one. 

Normal reactor operation occurs only when die flow of water pumped duough die reactor 
core is such diat die friction pressure drop across die reactor core equals die difference in 
die hydrostatic pressure head from A to B of cold, borated pressure vessel water minus diat 
of die hot reactor water and gas column. If die flow of water from die pump stops, water 
inflow from die pool collapses die tower gas bubble, enters die core, and shuts down die 
reactor. It then enters die upper gas bubble and pushes diat gas out of die reactorvessel 
into pool water. Even a relatively small reduction in die pumping rale 
(e.g., 20%) can produce shutdown if die boron concentration in die pool water is 
sufficiendy high; lower boron concentrations nvrety reduce fc reactor power. Since the 
reactor vessel has a relatively small cross section in the constriction where die lower gas-
water boundary is maintained, smaD variations mtlKpimn^ 
causing a power reduction or shutdown. 

The reactor also shuts down if the core temperature becomes too high. This is 
accomplished by die venturiin die exit line from die reactor core to die heat exchanger. Ina 
venturi flow constriction, the moving fluid towers die fluid pressure at die dvoat of the 
venturi. During normal operation, die reactor water is only in die liquid phase, despite die 
tower pressure in die venturi constriction. Pressure increase occurs in die recovery section 
of die venturi tube, so die resulting toss of pressure is insignificant. However, if die 
temperature of die reactor cooling water leaving die core becomes too high, steam is formed 
in the high-speed (throat) section of die venturi njbe. The creation of a steam-water mixture 
in the venturi greatly increases the pressure drop of the fluids duough die venturi. The 
pressure loss in the circuit produces cavitation and a reduction in flow from die pump, 
shutting down die reactor by allowing cold borated water to flow into die reactor core. 

Alternative Versions: Many 

Status of Technology: This technology is being considered for a district heating reactor. 

Advantages: Passive reactor shutdown occurs in response to low reactor cooling water 
level or elevated core temperature. 

Additional Requirements: None 

Comments: This concept was originally developed for district heating but could be applied 
for power production. The concept was die predecessor of the PIUS reactor and has some 
of die features of die PIUS reactor. 

Rcfcrcnces/cpnttCK: 
1. K. Hannerz, RcaktnranlMpp ning (Reactor Facility!. Swedish Patent Application No. 

7606622-4, Supplement to 7506606-8 [Publ. No. 391 058), (Feb. 13, 1978): 
ORNL/TR-89/19, (1989). 

2. J. P. Bento and T. Mankamo. "Safety Evaluation of the Secure Nuclear District 
Heating Plant," Nucl. Technnl. 28' 126-34 (1978). 

Update/Compiler: April 1989/EBL 
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TITLE: PASSIVE CONTROL OF POWER LEVELS BY VARIABLE BORON 
CONCENTRATION IN PRESSURIZED-WATER REACTORS (GEYSER) 

Functional Requirements: 1.1 Control Core Heat Generation Rate (Reactivity Control) 
1.2 Remove Core Heat 

Safety Type: Passive 

Developmental Status: 5 Concept (for power reactors) 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: National Laboratory (Swiss Institute for Nuclear Research) 

Examples of Implementation:None 

Description: The GEYSER concept uses an entirely passive reactor system in which all 
safety-related and power control processes are governed by simple hydrostatic and 
diennohydraulic processes. A unique feature of diis reactor concept is diat die uiermal 
hydraulics of the system automatically adjust the reactor power level to meet heat demand. 
GEYSER is being developed as a district heating reactor but may be possible to scale the 
concept in temperature and pressure to power reactor conditions. 

The reactor vessel is contained in a large pool of cold, highly borated water (Fig. 1). Two 
reactor loops are used. The large primary loop moves heat from the reactor core, while the 
second loop is a small control loop. The primary cooling loop contains low-boron water 
that circulates up through die reactor core into an annular riser, where, as the water rises, 
die decrease in pressure allows some of the water to flash to steam. Steam from the 
conduit rises tiirough die steam space to a condenser which, in turn, gives up useful heat 
to a heat exchanger outside die pressure vessel. The condenser is located in a bell that is 
open at the bottom. Under normal conditions, die pressure of die steam keeps die main 
steam bell free of pool water. 

The water from die annular riser and the condensate from die condenser collect in a tray 
underneath the condenser. The tray is located above die normal pool water level and 
contains a pipe to return the coolant to die plenum below die reactor core. The difference 
in specific gravity of die water and steam mixture in die conduit and die water in die return 
pipe generates the drive for natural circulation of the coolant. If tiiere is too much water in 
the primary cooling loop, die excess overflows the tray and ret ,"-ns to die pool. 

The control loop, which is open to die pool water, has a riser pipe adjacent to die annular 
conduit of the primary cooling circuit (Fig. 1, Detail A). Above die reactor core, die 
primary cooling water from the core in the annular riser and die pool water in die control 
loop pass through a heat exchanger where some heat transfers from the primary coolant 
W3ter in die riser to die highly borated water in die control loop. Steam formed in die 
control loop riser passes to the steam space to the condenser, while the water in the control 
loop riser returns to the pool. 

Since die condensate of the steam generated from the pool water is boron-free, while the 
overflow from the tray contains boron at the mean concentration present in die primary 
cooling loop, die boron content of die primary cooling loop continually decreases. This 
result in a rise in reactivity and reactor power. Because steam delivery occurs 
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continuously, the reactor power increases continuously until the quantity of steam 
produced exceeds die capacity of the condenser. There are two methods that limit power 
the first is for normal operation, while die second is an emergency shutdown mechanism. 

Method 1: Excess steam production lowers the pool water level in the main steam bell 
until a float drops enough to open a valve that allows highly borated pool water to flow 
through a pipe to the reactor core. Then, the increased boron content mat results in the 
primary cooling loop lowers die reactivity of die core. In stationary operation, die supply 
of steam and me supply of pool water to die primary cooling loop remain in balance. 
Changes in power demand adjust die steam supplied to die condenser or die quantity of 
water supplied from die pool until die power diat is produced has adapted to die demand. 

Method 2: The reactor is designed to passively shut down when steam production greatly 
exceeds die capacity of die condenser to handle it or if diere is a failure of die float 
mechanism. A steam siphon pipe connects die pool cooler widt die steam bell containing 
die condenser. The siphon pipe contains a water-filled elbow niat is submerged at pool 
water levels in die main steam bell maintained during normal reactor operation. A separate 
pipe connects die plenum around die reactor core widi die pool water. This pipe contains 
a ribbed elbow located above die upper water level diat is reached during normal reactor 
operation in die main steam bell, The heat of die steam space maintains a steam cushion in 
die elbow, preventing die pool water from entering die reactor vessel. 

Gross overproduction of steam results in die pool water level falling below its normal 
lower limit, exposing die elbow of die pipe connecting die pool cooler and die main steam 
bell. The water in die elbow changes to steam, opening die way for steam to escape from 
die main steam bell and flow to die pool cooler. This creates a pressure drop in die main 
steam bell, allowing die pool water to rise above die collection tray and die borated pool 
water to enter die return pipe to die primary cooling loop. At die same time, die rising 
pool water submerges die elbow in die pipe connecting die reactor plenum to die pool, 
condensing die steam cushion in die elbow and allowing pool water to flow into the 
reactor core and shut it down. Steam produced by residual core heat condenses in die 
pool cooler until die water rising in die main steam bell submerges die inlet opening to die 
pool cooler. Long-term cooling for decay heat removal is provided by natural circulation 
of die large volume of pool water dirough die reactor. 

During reactor startup, electric heaters next to die heat exchanger in die control loop 
provide die energy to heat die water in die primary cooling loop and start its circulation. 
The heaters maintain steam generation in die loop until die concentration of boron in die 
cooling water becomes low enough for die reactor to begin producing heat 

The primary cooling loop is thermally insulated from the cold pool water. To prevent any 
heat uiat does escape from excessively heating die pool water, a water cooler is located 
near die top of die pool. The cooler is composed of a cooling coil contained in a bell diat 
is open at die bottom. During normal reactor operation die bell is filled with pool water. 
Warm water in die pool rises and is cooled by the coil, which carries die heat away to die 
environment. 

Alternative Versions: This design concept is evolving with time. 

Status of Technology: A pilot design study for district heating purposes was carried out at 
the Swiss Institute for Nuclear Research in 1986-87. Thermohydraulic calculations proved 
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that stable conditions can be achieved in the entire operational range. A full-sized (32 m in 
height) model with a simulated power of 0.5 MW demonstrated stable operation, 
shutdown process, and power control feasibility in a power range of 15 to 100%. 

Advantages: 1. No control rods are needed. 

2. Simple, unmanned operation with walkaway safety. 

3. Human influence is completely excluded from safety-related processes. 

Additional Requirements: None 

Comments: The GEYSER system was developed for district heating but may be 
applicable to power reactors. 

References/Contacts: 

1. G. Vecsey and P. G. K. Doroszlai, "GEYSER, A Simple New Heating Reactor of 
High Inherent Safety," pp. 11.8.1-11.8.10 in Vol. 1 of Proceedings of the First 
International Seminar on Small and Medium Sized Nuclear Reactors. Lausanne, 
Switzerland, August 24-26,1987, eds., S. Garribba, G. Sarlos, and C. Vivante. 

2. G. Vecsey and P. G. Doroszlai. Method and Device fr r Passive Transfer of Heat 
from Nuclear Reactors to a Public Utility Network, w*'-, Automatic Regulation of 
Reactor Power and Automatic Emergency Shutdown and Switchover to Emergency 
CjjoJing, U.S. Patent 4,783,306 (November 8,1988). 
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TITLE: USE OF HYDRIDES WHICH REVERSELY ABSORB AND DESORB 
HYDROGEN TO CONTROL REACTIVITY IN LWRs 

Functional Requirements: Level 1.1: Control Core Heat Generation Rate (Reactivity Control) 

Safety Type: Passive 

Developmental Status: 4 Analyzed 

Reactor Type: Light-Water Reactor (LWR) 

Organization: Industrial (Multiple) 

Examples of Implementation: None 

Description: Several passive concepts using metal hydrides have been proposed to limit the 
reactivity, and hence, the power, of LWRs under various operating and accident conditions. 
These are based on die use of metal hydrides which reversibly absorb and desorb hydrogen 
depemlingupm reactor temperatures. The original concepts were developed for passive 
control of special purpose reactors. * 2 The description herein is how the technology could 
be applied to LWRs. 

These reactor reactivity control systems are based on the reactor physics of thermal neutron 
reactors, the chemistry of compounds which reversibly give off or take in hydrogen gas, 
and a special mechanical container in which the above compounds are located. 

Reactor Physics 

In a thermal neutron reactor, such as an LWR, a moderator is used to slow down neutrons 
so that they will react with fissile material (fuel). In water-cooled reactors, the moderator is 
hydrogen in the chemical form of water. If some of the "effective moderator" is removed 
from part of the core of a thermal neutron reactor during operation, the reactivity and, mere-
fore, the power level of that part of the reactor core are reduced. In standard commercial 
LWRs, when hydrogen is removed, proportionally more neutrons are absorbed by 238IJ 
and structural materials, and more neutrons escape the reactor core, resulting in fewer 
neutrons fissioning 235JJ m other fissile materials. 

Chemistry 

Certain metals and their alloys (such as zirconium, magnesium, nickel, and titanium) will 
react with hydrogen to form hydrides.3'6 The hydrogen concentration in these compounds 
is similar to water. When heated, these same materials will reversibly release hydrogen. 

The absorption, depending upon the particular system, may vary from a surface adsorption 
effect to a strong chemical bond With proper choice of chemical compound, the temperature 
of hydrogen release and absorption can be chosen. For example, magnesium and 
magnesium alloy hydride systems absorb or desorb near the operating temperatures of 
LWRs. A metal hy Iride system absorbs or releases hydrogen in a particular temperature 
range given a particular pressure. 
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Use of Hydrides 

Two sets of applkations can be identified for hydrides: (1) a passive technique to coutrol 
reactor power levels and (2) a replacement for conventional control rods. 

1. Passive Power Level Control 

Metal hydrides can be used to limit power levels in LWRs. Fortius application, the 
external shape of the hydride device would be similar to an oversized fuel pin in a fuel 
assembly. The device would be somewhat longer dian the fuel pins and have a greater 
diameter. An external perspective of such a device inside a boiling-water reactor (BWR) 
assembly and a pressunzed-water reactor (PWR) assembly is shown in Fig. 1. The 
BWR assembly is a Kraftwork Union design (U.S. subsidiary: Advanced Nuclear 
Fuels) where the fuel assembly normally contains a "square hole" in die middle. This 
square hole in the fuel assembly during reactor operation is filled with water to moderate 
neutrons. The device would be placed into this hole. The PWR assembly is a 
Combustion Engineering (C E.) Design which normally has five holes in it for control 
rods. When the reactor is operating, die control rods are normally out of die reactor core 
and the holes are full of water, which moderates me neutrons. In a typical C E. design, 
only a few assemblies have holes for control rods. With diis device, fuel assembly 
locations without control rods would contain hydride rods. 

Each hydride rod (as shown in Fig. 2) is filled with a metal hydride mixture widi a 
significant fraction of the metal in hydride form. The metal hydride fills die tube from top 
to bottom, but has space to allow hydrogen to flow up or down die length of die tube. 
The tube may have an insulation barrier so that most of the temperature drop from outside 
to inside die tube is across die insulation. In cold conditions, die hydride will form a 
uniform composition along die full length of die rod. This occurs because die chemistry 
(Gibbs free energy) of hydride formation prefers die same concentration of hydrogen 
throughout die metal hydride. 

In a reactor at power, die neutron/gamma flux will heat die hydride tube. Heat will be 
conducted out of die tube to die coolant In die reactor core, die highest power levels 
from fissioning create die highest neutron and gamma ray fluxes. The sections of 
hydride rod in diese locations will absorb die most heat and will be die hottest At higher 
temperatures, die hot metal hydride will release hydrogen, increasing hydrogen pressure 
in die tube. The hydrogen will flow to die cooler sections of die tube and form hydrides. 
The loss of hydrogen in hot spot locations is also a loss of moderator. The loss of 
moderator implies loss of reactivity and loss of power in die hottest reactor core. If die 
entire reactor is too hot, much of the hydrogen will leave die core and be just outside die 
reactor core in die parts of die hydride tube extending beyond the fuel pins. This limits 
total power levels. 

An alternative design of hydride tube is shown in Fig. 3. Many water-cooled reactors 
have an integral grid structure into which individual or groups of fuel assemblies are 
placed. With this option, the grid structure is composed of hydride rods (or squares or 
rectangles) perpendicular to die fuel assemblies and parallel to die horizon (Fig. 3). With 
this orientation of hydride rods across multiple fuel assemblies, die hydride rods would 
act to level power across the reactor core. This levels the power output between fuel 
assemblies, and i!.c leveling process would be expected to occur down to relatively low 
power levels. 
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2. Hydride Control Rods 

Hydrides in tube form may also be used as control rods by connecting to external control 
devices. To increase power, the hydrogen pressure in the tube would be increased, 
thereby increasing hydrogen absorption. To decrease power, hydrogen would be 
removed from the tube via vacuum. Theoretical and experimental work to evaluate this 
option has been done for special-purpose, nonwater-cooled reactors.*-7*8) Two types of 
external control systems may be used: 

1 Tubes from the hydride control rods may be attached to external hydrogen and 
vacuum tanks widi appronriatecl valving. 

2. Tubes from the hydride control rods may be attached to cylinders filled with 
hydrides and incorporating heaters. To add hydrogen to control rods, the 
external hydride tanks are heated releasing hydrogen. 

Such rods would have two unique characteristics compared to conventional control rods. 

a. If reactor power is excessive, the hydride will decompose and release the 
hydrogen gas at very high pressure forcing hydrogen out of the hydride control 
rods. The control rod activates (shuts down reactor) when the core overheats, 
regardless of control room conditions or commands. 

b. Hydride control rods self adjust power levels in the reactor. Control rods will 
increase neutron moderation in sections of the reactor core at low power and 
decrease neutron moderation in sections of the reactor core at high power. 

Alternative Versions: For stronger coupling of hydride temperatures to reactor temperature, 
there is the option to incorporate nuclear fuel into the hydride tubes or place an annular 
hydride tube around a fuel pin. In either case, hydride temperatures are directly coupled to 
fuel pin temperatures. 

Status of Technology: Only limited work has been done on the use of hydrides to limit or 
control reactor power levels. Most of this work was done in the 1960s for special purpose 
reactors. The base technology for such devices has expanded greatly in the last 20 years 
due to two other national programs. 

1. In the 1970s, a major R&D effort was initiated to develop methods to store 
hydrogen.4-6 Development of hydrides for hydrogen storage was a major 
component of this program. The knowledge of thermodynamics, kinetics, and 
manufacturing techniques for hydride devices has expanded greatly. 

2. For very high temperature gas-cooled reactors and fusion reactors, there has been a 
concern about diffusion of tritium out of the reactors to the environment. Major 
R&D efforts9 have been initiated to develop technologies to contain hydrogen gas in 
metal equipment in high temperature radiation fields. This technology is identical to 
that required for use in LWRs to prevent hydrogen from diffusing from hydride to 
coolant through tube walls. 
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Advantages: This use of hydrides is a passive technique to control LWR reactivity. 
Multiple potential applications may exist 

1. Hydride devices could be used to eliminate various nudear-thennal-hydraulic 
instabilities in power reactors (such as die xenon oscillation effect). 

2. The technology may be applicabfe to developnxuu 
fuels. In recent years, there has been a major emphasis ID increase fuel bumnp to 
(1) reduce fuel costs, (2) minimize reactor refueling time, and (3) minimize the cost 
of spent fuel storage and disposal by iranimizicg the tons of spent fuel produced. If 
a fuel[assembly is to provide more energy, the fissile enrichmem must be made 
higher so there is fissile fuel to produce energy over an extended period of time. 
Simultaneously, the higher enrichment of fuel increases the possibility of excess 
power output from the fuel assembly. This problem is currently solved using 
control rods and burnable absorbers to minimi?e power peaking. Hydride devices 
may partially eliminate the use of burnable absorbers in order to save on fuel costs 
or to create the potential of further extension of fuel bumup. 

3. There is one particularly unique characteristic of hydrides as control rods. The rods 
automatically shut down the reactor if the reactor temperature is excessive because 
the control rod is sensitive to core conditions. 

Additional Requirements: None 
Comments: The base technologies required for hydride technologies have progressed 

rapidly in the last 20 years. There have been no power reactor studies of 
hydrides for several decades; hence, their potential is not well 
understood. 

Rcfercnccs/ConBcts: 

1. R. Magladry, Hydrogen Diffusion Reactor Control, U.S. Patent 3,351,534 
(November 7, 1967). 

2. J. L. Anderson, W. Mayo, and E. Lantz, Reactivity Control of Fast-Spectrum 
Reactors by Reversible Hydriding of Yttrium Zones, NASA TN D-4615, 
(June, 1968). 

3. J. J. Reilly and R. H. Wiswall, "The Reaction of Hydrogen with Alloys of 
Magnesium and Copper," Inorganic Chemistry, & 2220 (1967). 

4. J. J. Reilly, "Metal Hydride Technology," Zeitschriftfur Physikalische Chemic 
Neue Folge, HZ. 655 (1979). 

5. J. J. Reilly, R. H. Wiswall, and C. H. Waide, Motor Vehicle Storage of Hydrogen 
Using Metal Hydrides, TEC-75/001, (October, 1974). 

6. J. O'M. Bockris, Energy Options: Real Economics and the Solar-Hydrogen 
System, J. Wiley & Sons, New York. 
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7. G. F. Zindler, Feasibility Study of Terrestrial Thermoelectric Nuclear Power Plant, 
AFWL-TR-66-16, June, 1966. 

8. G. F. Zindler, Terrestrial Direct Conversion Nuclear Power Plant Conceptual 
Design, WL-TR-64-168. (March, 1965). 

9. Nuclear Technology (entiie issue), £6, No. 3 (Sept 1984). 

Uptfate/ttimpiW: Dec 1988/CWF 
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TITLE: HYDRAULIC CONTROL ROD SYSTEM WITH PASSIVE SHUTDOWN 
MECHANISMS FOR WHOLE CORE DISTURBANCES (LOW WATER LEVEL, 

RAPID PRESSURE CHANGES) IN A BOILING-WATER REACTOR 

Functional Requirements: Level 1.1.1 Provide Process Shutdown Mechanism 

Safety Type: Passive 

DEvelnpmental Status: 4 Analyzed 

Reactor Type: Light-water reactor (LWR) 

Qganizarion: Vendor (Asea Brown Boveri) 

Examples of Implementation: None 

Description: This is a hydraulically controlled system to shut down die reactor by dropping 
control rods into the reactor core if certain accident conditions occur. The control rods are 
contained m vertical chambers diat run through and above the reactor core (Hg. 1). Each 
control rod moves fieely in its chamber and has only two stable positions: completely in die 
core or completely out of and above the core. The hydraulic force to bold the control rods 
above the core is supplied by a safety control system pump that takes cooling water fiom 
the pressure vessel ami circulates it through a distribution box that runs beneath the reactor 
core and connects to the control rod chambers. The chambers are not completely closed at 
the top, allowing the water fiom the pump to return to the cooling volume. When the 
safety control pump is not supplied with enough water to keep the control rods suspended 
over the reactor core, they fall by gravity into the core and shut down the reactor. The 
safety control system automatically operates to shutdown the reactor in response to a 
(1) manual shutdown, (2) a low cooling-water level, (3) a rapid increase in vessel pressure, 
or (4) a rapid decrease in vessel pressure. 

1. Manual Shutdown - In a manual shutdown, the safety control distribution pump is 
turned off, removing the hydraulic force holding up the control rods, which then fall 
into the reactor core. 

2. Low Water Level - The safety control pump intake is located at a level in the 
pressure vessel below which not enough water would be present for safe reactor 
operation. If the cooling water level in the pressure vessel falls below the safety 
control pump intake, the safety control pump fails, allowing the control rods to fall 
into the reactor core. 

3. Rapid Pressure Variations ~ To provide for reactor shutdown in case rapid 
pressurization or depressurization of the pressure vessel, the safety control system 
uses differential pressure valves to control the amount of water reaching the 
distribution box. This is accomplished through the addition of a short water circuit 
connected to the pump circuit The short circuit contains a membrane valve that is 
controlled by either of two differential pressure valves (Fig. 2). During normal 
operation, the safety control pump supplies pressure to both sides of the membrane 
valve, keeping it closed. If one of the differential pressure valves (A or B) opens, 
the pressure on that side of the membrane is decreased and the valve opens, shorting 
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the safety control pump circuit so that not enough water reaches the distribution box 
to keep the control rods out of the core. 

One of the short circuit differential pressure valves (Valve B) is connected to a venturi 
located in the pressure vessel steam outlet; the other one (Valve A) is connected to a steam 
container located within the reactor steam space. The steam container communicates with 
the steam space by a flap valve or fluidic diode, and is connected to two water-filled tanks 
located outside the pressure vessel. One tank contains cold water. Its upper end is 
connected to the reactor steam space by an open pipe and its lower end is connected to the 
steam container by a pipe containing a differential pressure valve (Valve D). The other tank 
contains a hearing coil that keeps the water in the upper part of the tank near the boiling 
point. The water in the lower pan of the tank is cold. The upper end of this hot/cold tank 
is connected to the reactor steam space by a pipe containing a throttle regulator, while the 
lower end is connected to the steam container by a pipe containing a pressure differential 
valve (Valve C). 

A rapid pressure increase in the pressure vessel, which would result if the steam turbine 
suddenly stopped, can produce a reactor shutdown in two ways. First, steam is forced 
from the reactor steam space into the steam container until the flow velocity closes the flap 
valve (or fluidic valve) that separates them. A difference in pressure then occurs between 
the steam container and Valve A; Valve A opens with water flowing to the steam container, 
leading to a short circuit of the pump. Second, the pressure surge also forces steam from 
die steam space into the cold water tank, increasing the pressure there. If the pressure 
becomes great enough. Valve D opens and cold water flows to the steam container, 
condensing the steam and decreasing the pressure. This creates a rapid pressure decrease 
in the pipe connecting the steam container to Valve A, causing it to open and short circuit 
the safety control pump. 

A rapid pressure decrease in the pressure vessel, which would result from a steam pipe 
break, also triggers a double shutdown system. First, the increased steam flow through the 
venturi in the pressure vessel steam outlet causes a pressure decrease in the connecting pipe 
and opens Valve B, leading to a short circuit of the pump. Second, the quick loss of 
pressure from the pressure vessel and the steam container creates a difference in pressure 
between the two of them and the hot/cold water tank. However, the difference in pressure 
between die steam space and the water tank is not as great due to trie throttle regulator and 
the boiling of the water in the upper half of the tank. The greater difference in pressure 
between the steam container and the hot/cold water tank opens Valve D, allowing cold 
water to flow into the steam container, condensing the steam and producing a brief pressure 
drop. The pressure drop closes the flap valve in the steam container and opens Valve A; 
this leads a short circuit of the pump. 

The above safety control system assures that all control rods will drop into the reactor core 
under any accident conditions. The system also allows individual operation of each control 
rod within the constraints of the described system. Raising a single control rod requires the 
proper operation of this system and. a second system. Each control rod chamber is connected 
not only to the safety control distribution box, L»ut also to a separate operating control pipe that 
runs through the safety control distribution box and out of the pressure vessel to a separate 
operating control pump and valve system. The control rod chamber is designed so that when 
a control rod is in the lowered position, not enough water can enter the chamber from the 
safety control distribution box to lift the control rod (Fig. 3). Water from 'he safety control 
distribution box enters the control rod chamber through the lower openings in the chamber 
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wall, flows down the gap between the chamber wall and the control rod assembly, and up to 
the control rod through the center openings in the control rod assembly. The narrowness of 
the gap between the chamber wall and the control rod assembly limits the amount of water 
that can enter the lower openings and exert force on the control rod. 

To lift the control rod, high-pressure water is supplied through the operating control pipe. 
Once the control rod assembly is raised above die lower openings in the chamber wall, 
enough water can enter from the distribution box to hold the control rod assembly out of the 
core, and the flow from the operating control pipe is shut off. A throttle regulator that is 
between the bottom of the control rod chamber and the pipe leading to the safety control 
distribution box limits die return of water from the control rod chamber to the safety control 
distribution box. To lower an individual control rod, a valve on die operating control pipe is 
opened, allowing water to flow out and reduce die lifting force supplied to die control rod, 
which drops die control rod into die core. A pressure gauge attached to die operating control 
pipe can be used to determine whether a control rod is in or out of die core. If the pressure in 
me operating control pipe is almost equal to the reactor pressure, die control rod is in the 
lowered position; if the pressure is almost equal to diat in die distribution chamber, die control 
rod is in its upper position. 

Alternative Versions: None 

Status of Technology. Preliminary studies of die system were conducted by Asea Brown 
Boveri of Sweden for die Model 85 Boiling-Water Reactor. 

Advantages: 1. Automatically shuts down the reactor in response to abnormalities in eidier 
water level or pressure level. 

2. The shutdown system can be placed in a room completely inaccessible to 
operating personnel or outsiders during normal reactor operation, increasing 
security of the facility. 

Additional Requirements: None 

Comments: None 

References/Contacts: 
1. K. Hannerz, R. Rytterne, and T. Holm, fcemreaktor d e s Siedewassertype (Nuclear 

Reactor of the Boiling Water Tvpel European Patent No. 31,541 A2, 
(December 16, 1980): ORNL/TR-89/8(1989). 

Update/Compiler: March 1989/EBL 
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TITLE: SLOW-WITHDRAWAL CONTROL RODS 

Functional Requirements: 1.1.1 Provide Process Shutdown Mechanism 

Safety Type: Passive 

Developmental Status: 2 Demonstrated 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendor (General Electric) 

Examples of Implementation: Multiple 

Description: This device is one of a family of devices which passively limits the rate at 
which a control rod may be removed from die reactor core, but allows very rapid 
movement of die control rod into die core to shut it down. By limiting die maximum rate of 
control rod withdrawal, it provides time for slower inherent reactivity control mechanisms 
(such as void reactivity coefficients) to operate. The device described is for a bottom entry 
control rod for a boiling water reactor (BWR), but is applicable to control rods mounted in 
any direction. 

The velocity control device is composed of a toroidally-shaped control member with a pair 
of fluid guide vanes positioned underneath (Fig. 1). The control member is coaxially 
positioned around die control rod drive hub and secured to die hub by radially extending 
webs. The webs are fined witii rollers at uieir outer ends to center and guide die hub within 
die control rod guide tube. The control member is constructed to allow for fluid movement 
between die member and die inner guide tube surface and between die member and die 
drive hub. The upper side of die control member has a smoodi conical surface tiiat 
minimizes fluid resistance when die rod moves upward into die reactor core. The 
underside of die control member contains adjacent inner and outer grooves to increase 
water resistance when die rod moves downward out of die core. 

Positioned below die control member is a pair of inner and outer annular fluid guide vanes, 
also positioned radially around die control rod drive hub and secured to it by webs. The 
vanes are angled upward toward die common edge of die two grooves in die underside of 
die control member. When die control rod moves downward, die vanes guide a stream of 
fluid at increased velocity against the common edge of the two grooves. This greatly 
increases turbulence in die flow of die fluid upward through die inner and outer fluid 
passages, tiius increasing resistance to movement of die control rod out of the reactor core. 

Alternative Version* Many related devices have been proposed. 

Status of Technology: This is an advanced version of existing devices. 

Advantages: Passively decreases drop velocity of control rods being withdrawn from die 
reactor core. 

Added Requirements: None 
Comments: None 
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References/Contacts: 
1. J. E. Ceariey. J. C. Camith, R. C. EHxon. S. S. Spencer, and J. A. Zutoaga, Jr., 

Contml Rod Velocity Limiter. U.S. Patent No. 4.624.826 (November 25.1986). 

IfprtatfiTnnyiler. April 1989/EBL 
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TITLE: FLUIDIZED-BED CONTROL RODS 

Functional Requirements: 1.1.1 Provide Process Shutdown Mechanism 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Pressurized-waici" reactor (PWR) 

Organization: University (University of Florida) and Industrial (General Nuclear 
Engineering Corporation) 

Examples of Implementation: None 

Description: Fluidized-bed control rods (FBCRs) are tubes through the reactor core filled 
with particles of a neutron absorber. A FBCR uses (he reactor cooling water as the 
fluidizing medium (Fig. 1). In a FBCR, when there is no water flow, die solid neutron 
absorbing particles form beds at die bottom of the control rod tubes in the reactor core. 
When water begins to flow, the absorber particles are fluidized. As water flow increases, 
the particle bed expands and absorber particles spread out over the length of die control rod 
tubes that extends above the reactor core. In effect, the control rod becomes more 
transparent to neutrons as the absorber particle density decreases. 

With the FBCR concept, the reactor control system becomes a flow-regulating system 
using either variable-speed pumps (Option A) or motor-driven control valve? (Option B) to 
control water flow to the FBCR tubes and, hence, control rod worth. This system can be 
coupled to a variable-speed water pump and trip the reactor if the reactor water level drops 
below the pump inlet. For this application, the water pump inlet is located at the lowest 
allowable reactor water level for normal operations. 

Alternative Versions: A similar control device developed by General Nuclear Engineering 
Corporation is called HY-BALL (hydraulic-ball) control. In the HY-BALL system, the 
absorber is distributed in relatively large spheres that are suspended hydraulically above the 
reactor core during normal operation. The spheres are either completely inserted or 
withdrawn from the reactor core; this offers less control flexibility than a true FBCR. 

Status of Technology: Construction of prototype models and testing of the hydraulic and 
nuclear characteristics have been performed for transmission- (thickness < 2 mean-free 
paths) and reflection- (thickness > 4 mean-free paths) type rods. Acceptable characteristics 
arc possible with both types. The feasibility of controlling low-power reactors by 
transmission- or reflection-type FBCRs has been established, but the technology has not 
been developed for commercial reactors. 

Advantages: 1. Reduces pressure vessel head penetrations. 

2. Loss-of-flow accident automatically shuts down reactor. 

3. Axia! power distribution can be shaped by using contoured channels or 
variable-sized panicles. 
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4. Water gap flux peaking can be reduced for a partially withdrawn control 
rod. 

5. Distortion or bending of control tubes will not prevent dieir operation. 

Additional Requirements: None 

COmmcnB: None 

References/Contacts: 

1. D. J. Blair. M. J. Driscoll, G. R. Dalton, and T. F. Parkinson, "A Study of 
Huidized-Bed Cbntrol Rods." Physics and Material Problems of Reactor Cbntrol 
Rods. IAEA, Vienna (1964). 

2. S. J. Weenis, S. E. Turner, R. L. Lyeriy, and R. W. Taylor, Jr., Development of 
Hydraulic Ball fHY-B A| J r) (Vm^nl System: Second Quarterly Progress Report. 
GNEC264. EURAEC-533 (Jan. 2,1963). 

Update/nompilen Feb. 1989/EBL 
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TITLE: SELF-ACTUATING AND LOCKING SHUTOFF VALVE FOR 
HYDRAUUC/FLUIDIC CONTROL SYSTEMS INITIATED ON LOW 

WATER FLOW OR HIGH TEMPERATURE 

Functional Requirements: Level 1.1.1 Provide Process Shutdown Mechanism 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

p^rmrTyp.- Light-water reactor (LWR) 

Qsanjatifla: Industrial (RockweD mteniational Qirporation) 

Ejajuplcs(rfInytemHitaDon: None 
Description: Many types of hvdraulicaUy supported control rods, balls, and particles have 
been proposed for nuclear reactors, beach case the neutron absorber is held out of die 
reactor core by fluid friction forces during pG?/er operations. If the water flow slows or 
stops, die neutron absorber falls, by gravity, to die core and shuts down die reactor. This 
provides automatic reactor shutdown upon power failure, loss-of-coolant accident, or low 
reactor water levels, if die inlets for die pumps tiuu push fluid by die control rods, balls, 
and particles are located above die reactor core bm below normal reactor water levels. A 
drawback to gravity-based systems with absorbers heldoutof die core by fluid flow is that 
any residual fluid flow, even an amount below die minimum needed to safely operate die 
reactor, retards die fall of die neutron absorber into die reactor core. 

This drawback can be overcome by using a self-actuating flow cutoff valve in die fluid 
stream above die neutron absorbing element If die fluid flow drops below a set value, the 
valve automatically closes to cut off die fluid flow and allow die neutron absorber to fall 
into die core The valve also has a self-locking mechanism enabling it to remain closed in 
die event of subsequent short-term pulses of fluid. This device could be used for any type 
of hydraulically suspended neutron absorber. When die valve closes, gravity would cause 
neutron-absorbing rods, balls, and particles to fall into die core. In die case of control 
rods, die valve could be used in conjunction widi a hydraulic cylinder, which would insert 
a control rod into die core when the valve closes. 

When die valve is open, fluid passes through it and out the holes in die top of die fluid flow 
cylinder (Fig. la). The valve balance member is pushed against the aperture plate, 
covering some of die holes so that a pressure drop is created across tiw balance member to 
hold die valve open. The balance member can be sized so that a predetermined rninimum 
flow rate is required to hold die valve open. When die flow rate falls below die minimum, 
it is no longer sufficient to support die valve, which then closes by gravity, shutting off die 
water flow (Fig. lb). This removes die fluid support for die neutron-absorbing elements, 
allowing diem to fall into die core and shut down the reactor. 

The valve is designed so dial when it is closed, die amount of area for fluid pressure to 
exert downward force (a) is greater than the area for it to exert upward force (P). Thus, 
any subsequent fluid pressure, such as tiiat from pressure surges, only acts to maintain die 
closure. 
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The valve could also be actuated by a weighted member suspended over die valve and 
ooaur^ledbyaOiriepomtalloyniagnetoranekaiooiagnet In die case of me Curie point 
alloy magnet, when die fluid flowing dnough die valve exceeds a detignedteityerature, die 
magnet would release die weight to force die valve dosed. The electromagnet could be 
used as an active control and deenergized to release die weighted member to close die 
valve. 

Alternative Vgsjflps.: None 

Status of Technology: As part of die U.S. Liquid Metal Reactor (LMR) Program, the 
described valve has been installed in a test neutron absorber column and tested at various 
rates of fluid flow through die assembly. The time for aD the neutron-absorbing elements 
to fall into die core zone was substantially constant and faster dian in die assembly widiout 
die valve. 

Advantages: 1. Reduces tune required by current hydraulic or fluidic control systems to 
achieve reactor shutdown. 

2. The balance member can be designed so diat die valve will close at any 
desired minimum flow rate. 

3. Reduces die risk of mechanical failure of reactor shutdown system. 

Additional Requirements: None 
Comments: This technology was developed for LMRs. Since die liquid properties of 
sodium and water are similar, die device is expected to work in water-cooled reactors. 

References/Contacts: 
1. P. K. Chunp. Self-Actuating and Locking Control for Nuclear Reactor. U.S. Patent 

4,313,794 (February 2,1982). 

Update/Compiler. February 1989/EBL 
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TITLE: NEUTRON/GAMMAAXOLANT THERMAL FUSE 
CONTROL RODS/DEVICES 

Functional Requirement: 1.12 Limit Excess Reactivity 

Safety Type: Passive 

Developmental Status: 3 Evaluated (See Comments) 

Reactor Type: Light- Water Reactor (LWR) 

Organization University (Multiple) 

Example of Implementation: None 

Description: Thermal fuses have been proposed as a mechanism to initiate reactor 
shutdown for several types of reactor overpower conditions. The thermal fuses would 
hold control rods and/or absorber spheres out of the reactor during normal operations. If 
reactor overheating occurs, the fuses would fail allowing gravity drop of control rods 
and/or absorber spheres into the reactor core. 

There are multiple types of conventional thermal fuses. With each type of fuse, die fuse 
components are held together at low temperatures, but separate if the temperature exceeds 
some design temperature. There are several mechanisms that can be used to hold the fuse 
components together at lower temperatures: 

Sojdej - Many thermal fuses are held together by a low melting point solder. The 
solder melts at a defined temperature which allows die fuse components to separate. 

Curie Point Magnets - Thermal fuses may contain magnets to hold the components 
together. All magnetic materials posses a curie point temperature at which die 
magnetic Meld fails. When a magnetic material in a diermal fuse exceeds the curie 
temperature (which can be selected by choice of material), the magnetic field collapses 
and, the fuse components separate. Curie point fuses may be reusable. 

Bimetallic Strips - Bimetallic strips are strips of dissimilar metals fused together with 
different coefficients of thermal expansion. As die temperature rises, bimetallic strips 
bend due to the different rates of thermal expansion of the two metals. Strips can 
iold components together at low temperatures, but separate at high temperatures. 
Many thermostats operate on this principle where an electric switch is opened or 
closed. Bimetallic thermal fuses can be reusable. 

Bimetallic Cylinders. Bimetallic cylinders are concentric cylinders of dissimilar 
metals with different coefficients of thermal expansion connected together at one end. 
As the temperature rises, the cylinders elongate at different rates. This can initiate 
control rod action (see below). 

Thermal fuses are common industrial devices, particularly in fire protection systems. 
Spring loaded fire doors and ventilation dampers are often held open during normal 
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operations by wires containing thermal fuses. If a fire occurs, the fuses fail on high 
temperature and doors or dampers close. 

For nuclear applications, thermal fuses in or just above me reactor core would hold conttol 
rods or absorber spheres out of the reactor core. Three types of thermal fuses are possible 
based on the headng mechanisms. In practice, practical devices are likely to be a 
combination of these. 

Gamma Ray Thermal Fuse: In a gamma ray thermal fuse, the thermal fuse contains 
materials which absorb gamma rays. When gamma rays are absorbed, heat is 
generated. The device is designed to overheat and cause thermal fuse failure under 
three circumstances: 

• If power levels are excessive, the gamma flux will be high which overheats the 
fuse and causes failure. 

• If water levels are low, the gamma flux will be higher than normal due tome 
lack of shielding from water coolant between fuse and reactor core. This causes 
die fuse to overheat and fafl. 

• If there is a mismatch between power level and coolant flow, the thermal fuse 
will be undercooled and fafl. 

Neutron Thermal Fuses: Neutron thermal fuses are similar to gamma ray fuses 
except the fuse body contains a fissile material such as ^ U . Neutrons from the 
reactor cere cause fission which, in turn, generates heat The device fails due to 
overheating in die same circumstances as causes failure of ganima ray thermal fuses 
except neutron flux determines heat generation rare rather m&n gamma flux. 

Coolant Thtflpffl] Fuses; These are fuses which are heated by a rise of coolant 
temperature. 

A wide variety of thermal fuse control rods have been investigated for use in Liquid Metal 
Reactors (2,3). Some of these devices, such as the Self-Actuated Shutdown System 
(SASS) which is a currie point control rod, have undergone significant development and 
testing. Thermal fuses have not been used in LWRs. 

Some examples of thermal fuses are shown in Fig. land Kg. 2. Figure 1 is a schematic of 
one type of curie point control rod where die control rod is held out of core by magnets. If 
uw magnets overheat, they fail and drop the control rod into die reactor core. Figure 2 
shows a bimetallic cylinder control rod fuse (4,5) where heating ofthe bimetallic cylinder 
leads to differential expansion of the two metals with the drop of die control rods. 

Alternative Versions: There ait multiple design Options. 

Status of Technology: For normal industrial applications, many types of thermal fuses are 
in use. Neutron and gamma ray thermal fuses have been proposed but not implemented 
(see Comments). 

2 of 5 



5-46 

Advantages: Potential advantages of thermal fuses include: 

1. Passive safety device 

2. Base of industrial technology exists from which to develop nudear thermal fuses 

AAtirinnal Requirements: None 

Comments: The technology is developed for LMRs but significant development would be 
required for use in LWRs due to the different environments (radiation level, neutron 
spectrum, coolant temperatures). 

Rcfercnccs/Coniaas: 
1. B. L Spinrad, personal correspondence to C W. Forsberg (Aug 12,1989). 

2. R. B. Tupper, M. H. Cooper, R. K. Sievers, "A Self-Actuated Shutdown System 
for Liquid Metal Reactors," Thhri International Conference on liquid Metal 
Engineering and Technology in Energy Production. Oxford. United Kingdom 
(April 9-13,1984). 

3. R. B. Tuppcr, W. A. Brummond, R. K. Paschall, ard S. S. Borys, "Development 
of a Self Actuated Shutdown System, ASME81-JPGC-NE-8 (October 1981). 

4. Department of Energetics of La Sapienza University of Rome (Italy), Draft 
Multipurpose Advanced Reactor Inherently Safe (MARSV (July 1989). 

5. M. Caira, M. Cumo, and N. Naviglk), "MARS Reactor: A Proven PWR Technology 
Combined with Advanced, Safety Requirements," Enerpa Nuclear 22 
(May/September 1987). 

Update/Compiler August 1989/CWF 
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TITLE: IN-REACTOR-CORE POWER FUSES 

Functional Requirements: 1.1.2 Limit Excess Reactivity 
1.2.2 Maintain Gore Coolant Inventory 
2.2 Control Primary Circuit Pressure 

Safety Type: Passive 

Devetopmental Status: 5 Concept 

Reactor Type: Light-wafer reactor (LWR) 

Organization: National Laboratory (Oak Ridge National Laboratory) and Regulatory 
Agency (Direzione Sicurezza Nucleate E. Protezione Sanitaria) 

Examples of Implementation: None 

Description: In-core rx>wer fuses have been proposed for use wim a variety of safety 
systems. Both electrical and fluid fuses have been proposed (l. 2). 

Electrical Fuses - In all electrical fuse systems, an electric power line goes through the 
reactor core. The power line contains an in-core power fuse that cuts off electric power if 
nuclear power levels are excessive or if there is insufficient core cooling. The electric 
power operates one or more "fail-safe" safety systems, which are designed so that the loss 
of electric power causes their activation. Two examples show the use of in-core power 
fuses: 

• In-core power fuses can be located in the power lines that supply power to 
pressurized-water reactor (PWR) control rods. In most PWRs, the control rods are 
held out of the reactor core by electromagnets. If the electromagnets lose power, the 
control rods drop back into the reactor core by gravity and shut down the reactor. 

• In-core power fuses can be located in the power lines that supply power to certain 
types of emergency core cooling systems (see: Fluidic In-Vessel Emergency Core 
Cooling System], where the operation of pumps is required to hold emergency 
supplies of cold, borated water out of the reactor core. Failure of the electric power 
causes the pump to stop, borated water to enter the reactor core, and the reactor core to 
be shut down and cooled. 

In most cases, the in-core power fuse accomplishes the same functions as is achieved in 
some current reactors with in-core sensors, control systems, and power relays, as shown 
in Fig. 1. The benefit of the in-core fuse is that, with appropriate design, many possible 
safety-system failure modes are eliminated (e.g., such as from operator error, maintenance 
error, or sabotage). 

An example of an in-core power fuse is the Critical Heat Flux Scram System (CHEFSS), 
which can be used vith control-rod systems or emergency-core cooling systems. 
CHEFSS is an electrical j.ower fuse that "blows" upon experiencing an excess 
power/coolant flow rate mismatch sufficient to cause excessive core heating. CHEFSS 
consists of one or more annular sensor fuel pins with a power line extending through each 
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pin. If mote than one pin is used, the power line is run in series through the pins so that 
burnout of the power line in any one of the pins will disrupt the power supply. 

A CHEFSS fuel pin has two components (Fig. 2). The first is an annular fuel pin. The 
second is the power line that runs through the middle of the annular pin. There is an 
annular cooling channel between the power line and ihe annular fuel pin. The power line 
must be cooled or it will bum out due to high temperatures caused by neutron/gamma 
heating and electric resistance heating from voltage drops across the power line. The 
annular fuel pin from inside to outside has layers of clad, insulation, cermet fuel, and clad. 
With this structure, most of the heat generated by the fuel goes to the outside surface of the 
annular fuel pin during normal operations. The coolant channel between the inside of the 
annular pin and the power line primarily cools the power line. 

The annular fuel pin is designed to reach the critical beat flux before any conventional fuel 
pin in the reactor does so or brfore any pin reaches any otlier operating linriL The critical 
heat flux (Fig. 3) is a heat-transfer phenomenon where, as power levels increase, a layer of 
steam forms on the heat-transfer surface of the annular pin. When this occurs, the rate of 
heat transfer between pin and cooling water drops rapidly diie to the msulating properties of 
steam and the temperature of the annular fuel pin rises rapidly. This occurs suddenly at a 
well-defined temperature. 

If the critical heat flux is exceeded, the temperature of the annular pin rises rapidly and, 
with the higher temperatures, heat is transferred to the inner cooling channel through die 
insulated layer in the annular pin. This causes steam to form in the coolant channel 
between the annular pin and power the line, which rapidly reduces coolant flow and heat 
transfer. This, in turn, causes the power line to heat up and fail. In effect, heat-transfer 
conditions inside the reactor core determine when the in-core fuse will fail. 

There are alternative versions of CHEFSS, including systems for fluid power systems 
rather than electric power. In these systems, a high-pressure water line replaces the electric 
power line. When CHEFSS is activated, water flow rates rapidly decrease due to the 
formation of steam inside the annular pin and liquid water is converted to steam. A reduced 
water flow rate or the presence of steam is used to trigger safety systems. 

Thermal Fluid Fuses - In-core thermal fluid fuses have been proposed for several 
applications. In particular, they have been proposed to ensure reactor depressurization in 
the event of reactor core overheating or reactor core melt. There are two reasons for 
depressurization under these circumstances: 

• If the reactor is depressurized, it is possible to add emergency core-cooling water by 
gravity drain of tanks above the reactor core or with the use of low-pressure pumps. 

• If a core melt occurs when the reactor vessel fails, molten core will be injected rapidly 
into the containment upon vessel failure. High-pressure injection of molten core into 
containment increases the potential for containment failure due to very rapid heating in 
containment, increases the production of fine aerosols from sprayed molten core 
material, and creates the possibility of rapid chemical reaction between core material 
and containment atmosphere due to the fine aerosols and high temperature. 

An example in-core thermal fluid fuse system is shown in Fig. 4 as part of the larger 
pressure-relief valve system. In a PWR, the reactor is depressurized by a pressure-relief 
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valve attached to the pressurizer. This valve is opened by applying pressure to a large 
piston in the valve which, in turn, opens the valve. 

During normal operations, the reactor can be dep^surized by opening a small rnotor-
operated valve that allows fluid from die pressurizer to push the large piston in the relief 
valve down, thus opening die valve. Since die surface area of die piston is larger than that 
of die valve, equal pressure on bom sides of die piston/valve results in die valve going to 
die open position. 

If die reactor overpressurizes, a small spring-loaded pilot valve opens, allowing pressurizer 
fluid to pushup large piston down and open die valve. 

If die reactor overheats, die valve is opened by die following sequence of events: 

• High temperatures in die reactor core cause fusible plugs in die reactor in line to die 
relief valve to melt and faiL These ?lugs are similar in design to uiose used in water 
sprinkler systems. (See: Temperature-Activated Water Srjrinkkrs.) 

• Water, high-pressure steam, and otfier gases pressurize die lines. 

• High-pressure fluid pushes die large piston down in die pressure relief valve, which 
depressurizes die reactor. 

Alternative Versions: Many design options exist 

.'tarns of Technology: Limited uieoretical calculations of system performance have been 
made. 

Advantages: 1. In-core conditions directly initiate operation of die safety system. 
Conventional systems measure various properties and, from these 
properties, infer in-core reactor conditions. The potential exists to 
misunderstand actual in-core conditions such as occurred during die 
TMI-2 accident (3). 

2. In-core fuses are more resilient against many types of operator error, 
maintenance error, or sabotage tfian are conventional sensor and control 
systems. 

Additional Requirements: None 

Comments: In-core fuses are an unexplored technology where both advantages and 
disadvantages are not well understood. 

References/Contacts: 

1. C. W. Forsberg, U.S. Patent: Boiling Water Neutronic Reactor Incorporating a 
Process Inherent Safety Design. US. Patent 4.666.654 (Mav 10. 1QS71 

2. G. Petrangeli, More Intrinsically Safe and Simplified Light-Water Reactors. 
Direzione Sicurezza Nucleate E Protexione Sanitaria (Rome), RTI-DISP (85) 
(September 1985). 

3 of 8 



5-52 

3. Nucl. Technol. fi. No. 1 (entire issue) (August 1989). 

Update/Compiler: September 1989/CWF 
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TITLE: USE OF SELECT MATERIAL PHASE CHANGES TO ENHANCE DOPPLER 
REACTIVITY FEEDBACK IN LWRS 

Functional Requirements: Level 1.1.3: Control Reactivity with Inherent Feedback 

Safety Type: Inherent 

Developmental Status: 5 Concept 

Reactnr Type: Light-wafer reactor (LWR) 

Organisation- University (University of Missouri) 

Examples of Implementation: None 

Description: The effect of temperature-induced, density-corrected pha* changes on the 
average total nuclear cross section of various materials has been demonstrated 
experimentally in the laboratory1-2 and is shown in Fig. 1 for tin. As used in this 
discussion, teinperature-induced phase changes include all realignments of the material 
crystalline lattice, including melting. With an appropriate selection of fuel and absorber 
materials, it may be feasible to enhance die Doppler effect at phase changes for fertile fuel 
material and resonance-absorbing absorber material* so as to increase the reactivity 
feedback during reactor temperature excursions. The materials selection must meet 
operational requirements of bumup, radiation exposure, temperature, and chemical 
environment of die reactor while providing die desired feedback effects at temperatures 
above normal operating values. As indicated, this effect is independent of changes in 
material densities caused by changes in phase. 

Alternative Versions: None 

Status of Technology: This is an observed physical and neutronic phenomenon that has not 
been investigated for practical applications. 

Advantages: Inherent reactivity control mechanism 

Artdcfl Requirements: Maintenance of structural integrity in the reactor environment 

Comments: None 

References/Contacts: 

1. F. Y. Tsang and R. M. Brugger, "Doppler Effect Measurements of Tin by the 
Filtered Neutron Beam Technique," Nucl. Sci. and Eng.. 24, 34 (1980). 

2. R. M. Brugger and H. Amintar, "Doppler Measurements of 238U," Joint IAEA/NEA 
Consultants Meeting on Uranium and Plutonium Resonance Parameters. Vienna, 
September 28 - October 2,1981. 

Update/Compiler: Apr. 1989/DLM 
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TITUE: LARGE-PROMPT, NEGATIVE-MODERATOR COEFFICIENT OF 
REACTIVITY FROM HYDROGEN BOND STRUCTURE 

Functional Requirements: Level 1.1.3: Control Reactivity witii Inherent Feedback 

Safety Type: Inherent 

Development Status: 5 Concept 

Reactor Type: Light-water reactor (LWR) 

Organization: None 

Description: In thermal neutron reactors such as LWRs, hydrogen is die moderator. 
Hydrogen can provide a negative moderator coefficient through two effects. 

1. In LWRs, reactivity feedback of die moderator terrnerature coefficient is rximarily 
due to density changes in die water affecting neutr ">n slowing down, neutron leakage, 
and die density of chemical shim. Change in die ditrmal neutron scattering 
characteristics of die hydrogen bound in die water molecule has only a small 
temperature reactivity effect compared to die change in water density. 

2. In die specialized water-cooled reactors such as die TRIGA research reactors, die 
neutron moderation is primarily effected by die hydrogen bound in die hydride 
material diat is intimately mixed widi die fuel in die fuel element matrix. This effect is 
described herein. 

In TRIGA and some otiier specialized reactors, heat up of die fuel element containing a 
hydride material introduces little immediate density change in die hydrogen, but does 
immediately change die "thermal scattering" of neutrons off of die hydrogen bound in die 
hydrides. This effect is due to die chemical bond structure of die hydride as a function of 
temperature. As die hydride heats up, die hydrogen atoms enter chemically excited states. 
This increases die probability diat a diermal neutron will gain energy from die oscillatory 
hydrogen atoms in die hydride lattice. The effect is to "harden' die diermal neutron energy 
spectrum in die fuel element and thereby increase die leakage of dicrmal neutrons from die 
fuel element into die cooler water-cooling channels where rediermalization and preferential 
parasitic capture of die neutrons in die hydrogen atoms diat are bound in water take place. 
Increases in Uranium-235 loading or high bumup introducing Plutonium-239 (witii its 
large diermal fission resonance) tend to make die moderator coefficient of reactivity of 
TRIGA-type fuel less negative, but die use of a diermal resonance absorber such as 
Erbium-167 will compensate for such positive reactivity effects. 

Status of Technology: TRIGA fuel does not r«et die power density and temperature 
stability requirements of LWRs; however, similar inherent neutronic properties of TRIGA-
type fuels with large-prompt, negative-temperature coefficients may be achievable .n 
advanced LWR fuels widi appropriate research. The technology is undeveloped fot 
LWRs. 

Advantages: Inherent safety 

Additional Requirements: Materials properties compatible with the high temperature, high 
bumup, and high power density environment of current LWRs. 
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Comments: None 

References/Contacts: 

1. M. T. Simnad, F. C Foushee, and G. B. West, "Fuel Elements for Pulsed TRIGA 
Research Reactors," Nucl. Technol.. 2& 31 (1976). 

UstoSsKvwakr. Apr. 1989/DLM 
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TITLE: HIGH-TEMPERATURE CERAMICS, CLADS, AND FUELS FOR LWR 

Functional Requirement: Level 1.13: Control Reactivity with Inherent Feedback 
Level 1.2: Remove Core Heat 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Light-Water Reactor (LWR) 

Organization: National Laboratory (Kernforschungsanlage Julich) 

Examples of Implementation: None 

Description: The curremfud form for LWRs ccosists of metallkmb^ 
pellets. The preferred clad, arcaloy, begins to weaken if temperatures exceed 600°C 
Normal fuel clad operating temperatures are near 300°C Many of die safety characteristics 
of LWRs are dependent on die maximum allowable fuel or clad temperature. 

If fuel clad and fuel temperature could be raised 500 to 1000°C without major fuel failure, 
diere would be major benefits in safety with majoi simplifications in reactor design. In 
particular: 

1. The consequences of most, and perhaps, all types of reactivity accidents could be 
reduced. LWRs have negative temperature reactivity coefficients (i.e., raising fuel 
temperature towers reactor power levels). This is a safety benefit, but widi current 
fuels, not all die consequences of various types of reactivity accidents can be 
eliminated. Fuel damage occurs before die fuel temperature is high enough to shut 
down die reactor widi a negative temperature reactivity coefficient. Witfi higher 
temperature fuels, reactor shutdown could be assured before fuel damage. 

2. The consequences of loss-of-coolant accidents could be eliminated for small LWRs 
and reduced for larger reactors. A high-temperature fuel allows decay heat to 
escape me core by thermal radiation. For small reactor cores, all decay heat can be 
removed from die reactor core by thermal radiation and heat conduction. For larger 
cores, die requirements for emergency core cooling are reduced. 

In die 30 years since die initial use of zircaloy, major advances in high-temperature ceramic 
fusls have been made. For example, die high-temperature gas-cooled reactor uses a fuel 
where fuel damage is insignificant below 1600°C1. With current technology, a high-
temperature totally ceramic fuel could be developed for LWRs. There are two basic 
options. 

The first option is to use a modified form of high-temperature gas-cooled reactor (HTGR) 
fuel for LWRs. Preliminary theoretical and experimental studies have been conducted for 
using these fuels in pressurized water reactors (PWRs)2 and water-cooled research 
reactors3. The designs proposed for PWRs would have reactor core pressure drops similar 
to existing reactors so as not to change most of the characteristics of existing PWRs. 
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The particular fuels investigated were coated panicles of 100 to 800 nm in diameter. They 
contain oxide or carbide fuel kernels enclosed in several coatings deposited by pyrolytic 
means. Typically, the inner coating is made of a porous pyTOcarbon that contains 
(1) gaseous fission products, (2) kernel swelling due to bumup, and (3) recoil atoms from 
the kernel surface during fissioning. The inner coating is covered with one or more layers 
ot high-density pyrocarbon that act as pressure vessels for the fission products and as a 
diffusion barrier to fission products. The outer coat would be silcon carbide due to its 
good corrosion and abrasion resistance. 

Figure 1 shows a proposed fuel element, the particle bed. and an individual coated particle. 
Unlike existing fuels, a PWR with coated-particle fuel would have only a very short water 
flow path across the particle beds. The panicles have a very large surface to volume ratio 
and very good heat transfer coefficients. 

The second option is to develop a specific high-temperature ceramic fuel for LWRs. The 
characteristics of ceramics are such that they require a spherical fuel form. Thermal 
hydrauLc characteristics of LWRs would probably make it desirable to have a spherical fuel 
form ranging in size from 1 to 10 cm. 

Alternative Versions: Many possible options 

Status of Technology: Limited experimental work has been conducted in Europe on using 
HTGR microspheres for LWRs2. Major work would be required to identify the preferred 
high-temperature ceramic fuel elements for LWRs and understand the economics of such 
fuels. 

Advantages: 1. Potential to eliminate consequences of all types of reactivity accidents in 
LWRs. 

2. Reduction of emergency core-cooling system requirements. 

3. With current fuels, in a postulated reactor core meltdown accident, 
hydrogen is generated by reaction of metal clad with steam. Ceramic clad 
fuels would eliminate hydrogen generation in an accident and the 
problems of controlling hydrogen in a post-accident environment. 

Additional Requirements: None 

Comments: Neither the benefits nor the costs of developing this technical option are wel! 
understood. There have been major advances in ceramics in the past several decades, but 
the total impact is unknown. 

References/Contacts: 

I. H. Nabielek, W. Schenk, W. Heit, A. Mehner, and D. T. Goooin, "The 
Performance of High-Temperature Reactor Fuel Panicles at Extreme Temperatures," 
Nucl. Techno!. 84. 62 (Jan. 1989). 

2 W. Katscher, "Coated Panicle Fuel Element for Pressurized Waste Reactors," JVu£L 
Techno). 25_, 557 (Sept. 1977). 
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3. J. R. Powell, H. Takahashi, and F. L. Horn, "High-Flux Research Reactors Based 
on Particulate Fuel," Nuclear Instruments and Methods in Physics Research. A249. 
66 (Aug. 15, 1986). 

Update/Compiler Jan. 1989/CWF 
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TITLE: GRAPHITE-DISK UO2 FUEL ELEMENTS FOR ENHANCED THERMAL 
MARGIN AND REDUCED EXCESS REACTIVITY 

Functional Requirements: Level 12: Remove Core Heat 
Level 1.1.2: Limit Excess Reactivity 
Level 1.1.3 Control Reactivity with Inherent Feedback 

Safely Type: Inherent 

Development Status: 3 Evaluated 

Reactor Tvue: Light-water reactor (LWR) 

Organization: National Laboratory (Chalk River National Laboratories) 

Examples of Implementation: None 

Description: The use of dished and/or annular UO2 fuel pellets in fuel rods with axially 
interspaced thin graphite disks has been tested extensively for applications to CANDU fuel 
systems. The pellet and disk configuration is used to decrease average operating fuel pellet 
temperatures and change die temperature distribution witfiin the fuel pellets. The graphite 
has a high thermal conductivity; therefore, it provides a heat conduction path to remove heat 
from the center sections of adjacent uranium oxide pellets (Fig. 1). Uranium oxide has a 
very low thermal conductivity, which implies that normally high fuel pellet temperatures 
exist in the center of the fuel pellets. Reduced pellet temperatures and redistribution of 
temperatures throughout die pellet have multiple benefits: 

• The average and center line fuel temperatures are lower, thus the reactor core can 
absorb more heat under any postulated set of accident conditions before fuel failure or 
exceeding center line melting of die fuel. 

• The thermal margin between normal operation and fuel damage is larger. Because 
reactors have negative temperature reactivity coefficients, die fuel can withstand larger 
reactivity accidents before fuel failure due to excess temperatures. 

• The temperature distribution of die fuel pellets is changed which allows temperature 
control of the fuel to maximize negative reactivity effects at different power levels. 

• Reduced power reactivity requirements of fuel allow for extended bumup. 

Status of Technology: Experimental data and calculauonal analyses have been performed 
for CANDU reactors; no analysis has been performed for LWRs. For CANDU reactors, 
this fuel design is providing the basis for high-bumup, high-power, low-enriched fuel 
cycles. 

Advantages: Inherent safety 

Additional Requirements: None 
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Comments: In principle, a wide variety of materials with different physical and nuclear 
properties could be used for the disks. Benefits and costs for this technology in LWRs are 
not well known. 

References/Contacts: 

1. R. D. MacDonald and I. J. Hastings, "Graphite Disk UQ2 Fuel Elements Designed 
for Extended Bumups at High Powers," Nncl. Techno!.. H , 430 (1985). 

UpdateyCompilen April 1989/DLM 
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TTILE: ABSORBER (POISON) POX FOR REACTOR SHUTDOWN 
ON HIGH TEMPERATURES 

Fonctkinal Requirements: Level 1.13 Qmtrol Reactivity with Inherent Feedback 

Safety Type: Passive 

Developmental Statas: 5 Concept 

ff^r^Tyr' Iigbt-waierieaciDr(LWR) 

Oigankalifln: Unknown 

Pxample* of ImptemenlMkin: None 

Description: The absorber (poison) pill is a use-once, enaergency shutdown medHunsm 
initialed on high fuel temperatures. An example design (Kg. 1) consists of metal-
encapsulated pills of a very strong neutron adsorber (eg., cao^miuiii, enriched boron, or 
enriched gadolmhim) inside selected annular foel pellets which are msideLWRfod pins. 

During normal operations, relatively few neutrons are adsccbed b y t e absorber (poison) 
pills. The effective neutron flux does not see the pills because cfself-shiekftng effects of 
die fuel around die pill and due to die small dunennons of each pfll (few neutrons go 
dHDugh die volume of any pill). 

If die fuel overheats, die poison pill container fails and releases uteneunonabsoroer inside 
the fuel pin. The neutron absorber, by gas diffusion, moves up and down die inside of die 
fuel pin. Some neutron absorber may flow by gravity down die annular holes in die fuel 
pellets. As die neutron absorber spreads out, it is seen by die neutron flux, adsorbs 
neutrons, and shuts down die reactor. 

There arc several iinportam requirements and characteristics fee absorber (rjoison) pills. To 
minimize parasitic neutron adsorption during normal operations, small j ^ w t o 
neutron cross-section materials are desirable. Absorber (poison) pill failure could be 
initiated by melting of die coating material, high diennal stresses at lugh temperatures, or 
expansion of die absorber widi temperature (such as cadmium meltmg TO a liquid) and 
bursting of the pilL 

AlKmaiiYC Versions: None 
Statin of Technology. No studies found of concept. 

Advantages: Passive technology that cannot be bypassed or slopped by an operator. 

Additional Rrfliiirrmrnfv None 
Comments' No analysis of this concept has been identified The closest related work are 
studies on burnable absorbers. The concentrations of absorbers in fuel pellets in these 
studies1 have been several orders of magnitude less than would exist in an absorber 
(poison) pill. 
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Rcftrases/Ctattctt: 

1. R- P Warns. Use nf Gadolinium in PWR Extended Bumnp Fuel Cwcfcs. CENn-W7 
(May 1982). 

iiDdatt^aicflcr June 1989/CWF 

2 of 3 



5-70 

ORNL DWG 89A-44S 

/ 
' 

/ 

VAPOR-DEPOSITED 
NEUTRON POISON 

INTACT 
POISON PILL 

FAILED 
POISON PILL 

GRAVITY-DEPOSITED 
NEUTRON POISON 

ANNULAR 
FUEL PELLET 

FUEL CLADDING 

* 

* 

* 

/ 
* 

NORMAL OPERATION EMERGENCY OPERATION 

Fig. 1. Poison-pill fuel pin. 

3 of 3 



CHAPTER 6 

Structures, Systems and 
Components to Remove Core Heat 

Function 1.2 

6-1 



6-2 

6. STRUCTURES, SYSTEMS, AND COMPONENTS TO REMOVE CORE HEAT 

6.1 INTRODUCTION 

This chapter describes structures, systems, and components (SSCs) for ligbt-

water reactors (LWRs) mat meet tf* functional lsquirement to remove core beat (Table 3.1; 

Function 1.2). This requirement is met by ensuring die presence of an adequate amount of 

water in die LWR core. There are tiirce subtler functional requirements: (1) maintain core 

coolant boundary integrity, (2) maintain core coolant makeup, and (3) transport heat to 

ultimate heat sink. 

The decay heat diat must be removed from die core is a function of die decay 

power after shutdovx The decay power and integral decay heat per MW(t) of reactor 

output are shown in Fig. 1 for a typical pressurized-water reactor (PWR). The assumed 

fuel cycle for Fig. 1 consists of diree irradiation cycles, with one-third of die fuel irradiated 

to a bumup of 11 gigawatt-days per metric ton of initial heavy metal [GW(d)/MTIHM], 

another one-third to 22 GW(d)/MTIHM, and the final one-third to 33 GW(d)/MTIHM. 

The decay heat values were obtained using die ORIGEN2 computer code.l The amount of 

cooling water required to remove die core decay heat per MW(t) of reactor output is shown 

in Fig. 2. The assumptions were that heat removal was achieved by water boiloff at a 

pressure of 1 atm. The rate of heat removal and die cumulative heat removal requirements 

per MW(t) of reactor output are given in Table 6.2 for various conditions. Table 6.1 lists 

die SSCs found in Sect. 6. 
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Table 6.1 Structures, Systems, and Components to Remove Core Heat: : Function 1.2 

Location of 
Description Title Function Description Page 

Process Inherent Ultimate Safety (PIUS) Reactor 
Technology 

1.2 Chapter 5 5-4 

Passively Safe Pressurized-Water Reactor with Gas 
Bubble 

1.2 Chapters 5-13 

Passive Control of Power Levels by Variable Boron 
Concentration in Pressurized-Water Reactors 

1.2 Chapter 5 5-17 

(GEYSER) 

In-Reactor-Core-Power Fuses 1.2.2 Chapter 5 5-49 

High Temperature Ceramics, dads, and Fuels 
forLWR 

1.2 Chapters 5-61 

Graphite-Disk UO2 Fuel Elements for Enhanced 
Thermal Margin and Reduced Excess Reactivity 

1.2 Chapters 5-65 

Fluidic In-Vessel Emergency Core-Cooling System 1.2 Chapter 6 6-9 

Low-Water-Level Initiated, Hydraulic-Valve 1.2 Chapter 6 6-15 
Operated^mergency Core Cooling and Shutdown 
Systems 

Main Recirculation Pump Failure Initiated, Core 
Coolingand Shutdown System 

Passive Safety and Shutdown System 

Fluidized Bed Pressurized-Water Reactor 

Prestress Concrete Reactor Vessel (PCRV) for 
Light-Water Reactors 

Metal Pressure Vessel in Pool 

Metal Pressure Vessel in Pool 

Passive Reactor Core-Cooling System Which Can 
Operate with Primary Pressure Vessel Leak 

Reactor Pressure Vessel with no Bottom Penetrations 

Integral PWR with no Primary System Piping 

Fluidic Diodes 

1.2 Chapter 6 6-19 

1.2 Chapter 6 6-26 

1.2 Chapter 6 6-29 

1.2.1 Chapter 6 6-32 

1.2 Chapter 6 6-38 

1.2.1 Chapter 6 6-38 

1.2.1 Chapter 6 6-42 

1.2.1 Chapter 6 6-45 

1.2.1 Chapter 6 6-46 

1.2.1 Chapter 6 6-50 
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Fluidic Diodes 

High Water Inventory 

Integral Safety Injection System 

Jet Injector Decay-Heat Core Cooling System 

Natural Circulation of Water 

Decay Heat Removal by Natural Air Circulation 
Steam Condensers 

Cooling Ponds 

Water Quench Pool with Air Cboler for Reactor 
Accident and Decay Heat Sink 

Decay Heat Removal with Seawater 

Condensation of Pressurized Steam or Cooling 
Hot Water with Boiling Water Bath 

Reduction of Coolant/Clad Chemical Reactions 
Under Severe Accident Conditions 

Double Pressure Vessel 

Continuous/Simultaneous Pump Prcssurizer 

Heat Pipes for Reactor Containment Cooling or 
Reactor Core Decay Heat Removal 

In-Containment Post-Accident Water Collection 

1.2.3 Chapter 6 6-50 

1.2.2 Chapter 6 6-55 

1.2.2 Chapter 6 6-58 

1.2.2 Chapter 6 6-60 

1.2.3 Chapter 6 6-65 

1.2.3 Chapter 6 6-71 

1.2.3 Chapter 6 6-75 

1.2.3 Chapter 6 6-79 

1.2.3 Chapter 6 6-84 

1.2.3 Chapter 6 6-86 

1.2.3 Chapter 7 7-3 

1.2.1 Chapter 8 8-3 

1.2.2 Chapter 9 9-7 

1.2.3 Chapter 11 11-67 

1.2.2 Chapter 12 12-5 
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TITLE: FLUIDIC IN-VESSEL EMERGENCY OORE-COOUNG SYSTEM 

Functional Requirement: Level 12: Remove Core Heat 

Level 1.1.1: Provide Process Shutdown Mechanism 

Safety Type: Passive 

Developmental Status: 4 Analyzed 
RfUnnrTYpr Light-Water Reactor (LWR) 

Organization: National Laboratory (Oak Ridge National laboratory) 

Examples of Implementation: None 

Description: The FJhwfic ̂ Yessd Emergency Core Cooling System (FIVES) is a key 
component **3 of a reactor concept called die Process Inherent Uromare Safety bofling 
water reactor (PIUS BWR). FIVES can, however, be used as an emergency core-cooling 
system for eidier a BWR or a pressurized-water reactor (PWR). 

In die PIUS/BWR, die conventional BWR system is placed widiin a very large prestress 
concrete reactor vessel (PCRV) along widi a supply of borated emergency core-cooling 
water (see Fig. 1). The reactor system and borated water supply are at die same pressure. 
FIVES includes die mechanisms to allow die borated water to enter die reactor core and 
shut it down and cool it in an emergency. The in-vessel borated water supply is 
sufTiciendy large to cool die reactor core by boil-off of water for a period of one week after 
an accident. 

As shown in Fig. 1 die FIVES has uiiee major components (1) a large volume of cool 
borated water at reactor pressure (2) a fluidic valve assembly (see Fig. 2) mat separates 
cool, borated, emergency water supplies from hot reactor water; and (3) the FIVES water 
pump system diat provides power to die fluidic valve and detects water shortages in die 
reactor core. 

The pressure vessel (steel or prestress concrete reactor vessel) is divided into two water 
zones: (1) a reactor coolant zone with core, riser, downcomer, and steam separators and 
(2) a supply of cool, borated, emergency core-cooling water. The two water zones are 
separated by an insulated wall that is not a pressure boundary. The two water zones are in 
direct contact widi each other near the top of the pressure vessel tfirough a hot/cold interface 
zone where hot, low-density, clean reactor water lies on top of cold, high-density, borated 
water. Near the bottom of die pressure vessel, die two water zones are connected by a 
fluidic valve. The pressure of die cool borated water is somewhat higher in this location 
man die pressure of die reactor coolant because it is more dense. If the fluidic valve opens, 
die core is flooded widi borated water, which shuts down die reactor and cools it The 
fluidic valve assembly contains no moving parts. It is designed to remain closed only as 
long as it receives a continuous flow of water from die FIVES water pump system. 

Protection against a low water level in die reactor vessel is provided by positioning die 
FIVES water pump system high above die reactor core (Fig. 1). If a loss of feedwater 
occurs, die pumps will go dry before the reactor core is uncovered, and no water will be 
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sent to the fhridic valve. This lack of water triggers the valve to open and floods the ieactor 
withthe cool borated water within seconds. The volume of reactor water in die down-
comer between the elevation of die water in the steam separator and dial m die water purnp 
intake is sized so mat normal plant transients wffl not activate the FIVES. The FIVES will 
self-activafccruyifdiercisamajortiireattoc^ The FIVES water pump system 
is, in effect, bom die power supply system for die fhddic valve and a sensor of water level 
in die reactor; in other words, a fail-safe sensor. 

The central component of FIVES is die vortex flukhc valve assembly (see Fig. 2), which is 
ainodffiedvortexfluidican^>lifierop This is similar to a conventional 
centrifugal pump with a blocked exit line. The incoming FIVES water is injected 
tangennalty at high velocities into die vortex casing, causing dr water to niovem a circk. 
The centrifugal forces create higher pressures near the oittskfc surface of d>s vortex valve 
casing and lower pressures near d» inside. The outside surface has holes (short lengths of 
tubing) dial connect it to a zone of dean, higher-piessure reactor water, which, m turn, is 
in contact widi die berated water zone through a hotfcoU water interface zone. The center 
of die vortex casing is connected to die downcorner and exhausts FIVES water to the 
downcomer. By adjusting die output of die FIVES water pump, these pressures can be 
made to match the pressures of die two water zones, m effect, a valve exists that uses the 
dynamic forces of water, rather than pieces cfnietal, to prevem flow dirough the valve. 

Below the fiukhc valve, hotfcold water interface zone sensors detennine die interfa^ 
location. Thesesensors are used to control the speed of die FTVES water pump system 
diiringriormal operation. If die boraied water interface rises relative to die reactor coolant 
interface, the FIVES water pump speeds up, increasing tlie pressure of die reactor coolant 
in die vortex valve box and pushing die interface back to its correct position. The reverse 
operation occurs if die berated water interface drops. Boron may leak through die 
interface, so the exits to die reactor coolant ckamm systems (nc< shown) are located widun 
the fkndic valve. 

Alternative Vernon*: The basic concept of FIVES provides reactor core coolmg until die 
volume of pool water has evaporated. For typical designs, a one-week supply of water is 
provided inside die pressure vessel. This ccoling time can be extended inddruiitely by use 
of any one of several long-term options to cool die borated water and, hence, the reactor 
core. The one-week grace period provided by the borated water evaporation implies diat 
radioactive decay heat from die reactor core will have decreased significandy m diu time 
period. In practice, heat leaks through die insulation from die hot primary 
cool borated water during normal operation; dierefore, borated water cooto are needed for 
normal operation and can be used in an emergency. 

There are multiple long-term operations for cooling die boraied water (see also SSC: Heat 
Pipe Cooling for Reactor Couainrnem or Decay-Heat Cooling Systems), including use of 
natural circulation air coolers (see Fig. 3). With this option2'*, die borated water coolers, 
contain a fluid such as anirronia. Tl»axmiorfabQfomihtcooknTemoMnghedtfromihc 
borated water. Trie va{x>r state anmionia flows to an air coota 
liquid flows back to the bonued water coders. The air coolers can operate either with fans 
or as natural air circulation units. 

During normal operations, the borated water is kept near 50°C. In emergency conditions, 
the borated water will be at the boiling point of water (100°Q if the reactor is fully 
depiessurized. Air cooler performance improves rapidly with higher-temperature 
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operation. In a number of proposed assigns2, requirements for cooling borated water 
during normal operations controlled die designs. F « example, an air cooler requiring 
active fans for nonnal boraied water cooling could handle higher-temperature decay-heat 
cooling requirements with air cooler tans off. 

These auxiliary cooling methods provide protection essentially forever, however, such 
cooling techniques are not as reliable against natural or man-made assault as is die basic 
FIVES system. 

Status of Technology: Preliminary engineering calculations have been done for FIVES. 
The fluidic valve lechiiotogy is not totally new. Some types of fluidic valves have been 
developed for nuclear fuel reprocessing plants. 

Advantages: Totally passive technology 

AtiflFfrmil Requnements: None 

Comments: None 

References/Contacts: 

1. C W. Forsberp. Boiling Water Neutronic Reactor Incorporating Process Inherent 
Safety Design. U.S. Patent 4,666,654 (May 19,1987). 

2. GW.Forsberg, "A Process Inherent Ultimate Safety Boiling-Water Reactor," 
NjKLTjKh.22,121(1986). 

3. C. W. Forsberg, "Passive Emergency Cooling Systems for Boiling-Water Reactors 
(PECOS-BWR). Nucl. Tech.. 76.185 (Jan. 1987). 

Uodate^ompilen Jan. 1989/CWF 
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TITLE: LOW-WATER LEVEL INITIATED, HYDRAULIC-VALVE OPERATED, 
EMERGENCY CORE COOLING AND SHUTDOWN SYSTEMS 

Functional Requirements: Level 1.1.1 Provide Process Shutdown Mechanism 
Level \2 Remove Core Heat 

Safety Type: Passive/Active 

Developmental-Sams: 4 Analyzed 

Reactor Type: Boiling-water reactor (BWR) 

Organization: Vendor (Asea Brown Boveri) 

Fjcamples of Implementation: None 

Description: The emergency core-cooling system (ECCS) consists of a volume of ECCS 
water above the reactor core and pressure vessel that is connected to the reactor pressure 
vessel through special hydraulic valves (Fig. la). In an emergency, the valves open, the 
reactor is depressurized, and die core is flooded with water. The key components in these 
systems are the hydraulic valves. The valves are designed to remain closed only if they 
receive a continuous flow of high-pressure water. The pump providing the high-pressure 
water is above the rcrctor core. When the water level in the reactor vessel falls below a 
minimum level, the water-level sensing pump fails and delivers no water to the ECCS 
valves. The valves in the emergency cooling pipes then open, allowing steam to flow 
from the reactor vessel and condense in the pool (Fig. lb). This depressurizes die reactor. 
When die difference in static pressure of die pool between die upper and lower emergency 
cooling pipes is greater than the pressure drop of the steam flux passing through die upper 
emergency cooling pipe, water flows from the pool into die reactor vessel. Emergency 
cooling is dien achieved by natural circulation between die reactor core and the pool. 

The valve used in die ECCS pipes is connected to a piston normally held closed by 
hydraulic pressure from a pump supplied with water from die reactor vessel 
(Fig. 2a). When die cooling water level falls below die water inlet to die pump, die pump 
fails and shuts down, allowing die hydraulic piston to retract and open die valve (Fig. 2b). 
The inlet of die pipe transporting water from die reactor pressure vessel to die pump can 
be located near the valve or at a different vessel elevation than die valve. 

Alternative Versions: None 
Status of Technology: This system was studied in the mid-1980s by Asea Brown Boveri 
(ABB). Widi die development o'. the Process Inherent Ultimate Safety (PIUS) reactor 
concept, ABB concentrated its development program on PIUS. 

Advantages: 1. Emergency cooling is achieve! without die use of delivery pumps, 
motors, or diesel generator systems. 

2. Although mechanical operation of equipment is necessary for reactor 
operation, the safety performance of the system operates passively. 

3. If the ECCS water is borated, its entry into the reactor will assure long-
term reactor shutdown. 
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Additional Requirements: None 

Comments: In the event of a coolant leak in the pressure vessel and subsequent reduction 
of the pressure vessel water level, this mechanism will depiessurize the reactor. As 
depressurization progresses, less coolant will be forced out die leak and such a leak may 
eventually stop. 

References/Contacts: 

1. K. Hannerz, Boiling Reactor. U.S. Patent Number 4,363,780 (Dec. 14,1982). 

Update/Cbmpilen Feb. 1989/EBL 
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TITLE: MAIN RECIRCULATION PUMP FAILURE INITIATED, CORE 
COOLING AND SHUTDOWN SYSTEMS 

Functional Requirements: Level 1.1.1 Provide Process Shutdown Mechanism 

Level 1.2 Remove Core Heat 

Safety Type: Passive 

Developmental Status: 4 Analyzed 

Reactor Type: Pressurized-water reactor (PWR) 
Organization: National Laboratory (Japan Atomic Energy Research Institute) and 
University (University of Rome [Italy]). 

Erampfcs nf Implementation: None 

Description: The shutdown of the primary recirculation pumps in a PWR can be used as a 
mechanism to trigger into operation various passive emergency core cooling systems, 
passive decay heat removal systems, or shutdown systems. Primary recirculation pump 
shutdown can be initiated by control systems or failure such as caused by low reactor water 
levels and steam in the primary circuit The safety mechanisms herein are initiated by the 
change in rcjatjy£ pressure throughout the primary circuit on pump shutdown. 

1. SPWR System - The Japanese System-Integrated Pjrcssurized-W.ater Reactor 
(SPWR) is similar in some respects to the Process Inherent Ultimate Safety (PIUS) 
concept (see Process Inherent Ultimate Safety (PIUS) Technology). The reactor 
core (Fig. 1) is immersed in water of a low boron concentration and is connected 
through a hot/cold interface zone underneath the core to a poison tank of cool, highly 
burated water. The cool, highly borated water serves two functions: (1) reactor 
shutdown and (2) emergency reactor core cooling. The cooler high-boron water 
does not mix with the hot, lower-density, low-boron reactor coolant at the hot/cold 
water interface zone. The top of the neutron absorber tank is connected to the reactor 
coolant volume above the reactor core by passive hydraulic pressure valves (Fig. 2). 
When die valves open, water or steam enters the top of the neutron absorber tank 
and cool, borated water exits the bottom of the poison tank and enters the reactor 
core and it shuts down. Cooling is achieved by boiling off the borated water. If 
necessary, a separate set of actively controlled valves can also be used to deliver the 
poison to the reactor core via pumps. 

The valve to the emergency borated water supply is controlled by a hydraulic piston 
normally held closed by the force of water from the main reactor recirculation pumps 
(Figs. 2a and 2b). The large clearance between the piston and the cylinder wall 
allows some water le_ ge around the piston. This prevents the possibility of the 
piston binding against the wall. The piston is attached by a connecting rod to a 
weight that is sized to overcome a minimum delivery pressure from the main reactor 
recirculation pump. If a low water level to the pump causes the pump delivery 
pressure to fall below the minimum required to overcome the weight, the weight 
pulls open the valve, allowing regular reactor coolant or steam into the top of the 
poison tank and cool, borated water out of the bottom of the poison tank to the 
reactor core (Fig. 4b). 
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2. MARS System -The proposed Multipurpose Advanced Reactor inherently Safe 
(MARS) pressurized-water reactor has a passive decay heat removal system (2,3) 
which is initiated upon pump failure. The system has three components: 

• The primary system has a natural circulation decay heat piping system from 
reactor vessel to a heat exchanger above the reactor core. The piping loop 
contains a one way valve and is connected to the inlet (higher pressure) and 
outlet (lower pressure) of the reactor pressure vessel When die main 
circulation pump operates, diere is no flow dirough this loop because flow is 
stopped by the one way valve. 

• A natural circulation heat transfer lc«p transfers rieatfirom the heat exchanger 
with primary fluid flow to an external heat sink. 

• The natural circulation heat transfer loop dumps die heat to an external heat 
sink. There are multiple options for external heat sinks. The MARS concept 
uses a boiling-water bath where heat is rejected by boiling water (see: 
Condensation of Pressurized Steam or Cooling Hot Water with Boiling Wair-
Bath). Some of trie water is cciiderisedm an akc^ler and returned to uV 
water bath. Exiting steam handles high decay heat loads immediately after 
reactor shutdown while die air cooled steam condenser handles long-term decay 
heat cooling loads. 

In die event of pump shutdown, die pressure in die primary circuit equalizes and a 
natural circulation flow of primary water or steam begins between die reactor core 
and lower heat exchanger in die natural circulation heat transfer loop. The primary 
system fluid flow is in die opposite direction expected during normal operation with 
die main pumps. The system passively dumps decay heat to die environment. 

There are multiple design options including: 

• The decay heat piping system may be loaded widiborated water. In this case, 
pump failure results in berated water injection into die reactor core and reactor 
shutdown. 

• The one way valve can be a no-moving parts fluidic valve (see: Fluidic 
Diodes). This results in some movement of water tiuough die primary system 
natural circulation decay heat piping system with some loss of heat during 
normal operation but allows for a totally passive system with a no-moving-part 
one way valve. 

Alternative Versions: None 

Status of Technology: 1. Japanese System - A preliminary design study has been carried 
out and laboratory-scale development is underway. 

2. Italian System - Preliminary studies have been initiated. 

Advantages: 1. Emergency cooling is achieved without the use of delivery pumps, 
motors, or diesel generator systems. 
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2. Although mechanical operation of equipment is necessary for reactor 
operation, the safety performance of the system operates passively. 

Additional Requirements: None 
Comments: None 

References/Contacts: 

1. K. Sako, "Conceptual Design of SPWR," American Nuclear Society Topical Meeting 
on Safety of Next Generation Power Reactors, Seattle, Washington (May 1988). 

2. Department of Energetics of La 6*± jnza University of Rome (Italy). Draft: 
Multipurpose Advanced Reactor Inherently Safe (July 1989). 

3. M. Caira, M. Cumo, and A. Naviglio, "MARS Reactor A Proven PWR Technology 
Combined with Advanced, Safety Requirements," Energia Nucleate 21 
(May/Sept. 1987) 

Update/Compiler Oct. 1989/CWF 
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Table 1 Major Design Parameters for die Japanese System-Integrated 
PjessuTized-^aterBeactor (SPWR) 

Reactor 
Thermal power 1,100 MW(t) 
Coolant inlet/outlet temperature 280/310° C 
Coolant flow rate 24,000 t/h 
Core oudet pressure 13MPa 
Core pressure drop 0.035 MPa 
Steam generator pressure drop 0.18 MPa 
Reactor pressure vessel inside diameter 6.6 m 

Core 
Equivalent core diameter/height 2.89/2.0 m 
Core average power density 84MW(tVm3 

Main circulating pump fane unit) 
Flow rate 26,000 t/h 
Delivery pressure 023 MPa 
Rotating speed 600 rpm 
Diameter of impeller 1.5 m 

Steajn generator 
Steam temperature/pressure 285°C/5MPa 
Feed water temperature 210°C 
Steam flow rate 2,000 t/h 
Steam generator inner/outer diameter 3.2/6.1 m 
Steam generator height 7.6 m 

Poison injection svstem 
Natural boron content >4,000 ppm 
Poison temperature 1 5 0 * 1 0 ^ 
Initial driving force 0.031 MPa 
Number of hydraulic pressure valves 3 
Number of rapid-opening valves 3 
Hvdraulic pressure valves 
Valve Port 200 mm 
Cylinder diameter 300 mm 
Piston diameter 290 mm 
Annular space gap diameter 10 mm 
Estimated leakage flow 501/s 
Percent of rated main circulating 
pump flow required for closure 40% 

Attached weight 170 kg 
Lifting force supplied to piston 

at full power operation 1.261 
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TITLE: PASSIVE SAFETY AND SHUTDOWN SYSTEM 

FunoifflHl g^giiiiements: Level 1-2: Remove Gore Heat 

Level 1.1.1: Provide Process Shutdown Mechanism 

Safety Type: Passive 

D«»rinf«iental Status: 4 Analyzed 
RfannrTYPP' Prcssiirued-water reactor (PWR) 

Qrganaarion: National Labontory (Japan Atomic Energy Research Institute) 

Tr"m(Tk? t " " " T f a w w , B l t i n n r None 

Description: A passive safely and shutdown system (PSSS) can act as a passive 
emergency core-cooling system (ECCS) and a reactor shutdown niechanism during 
postulated severe transients or realtor accidents. The primary fraction of a PSSS is to 
uttrodire additional coolant into dgieaclor coolant system (RCS)atto a severe reactor 
transient 

The PSSS consists of a tank of cold water mat is connected beween the hot and cold legs 
of the primary coolant loop(s) of a PWR as shown inRg.1. During normal reactor 
operation the coolant inside the PSSS is hydraulicallyisoUiied&ointfierestoftheRCS. 
Only during a severe reactor transient will the stagnant PSSS coolant stm to fkw from the 
hot leg to the cold leg. The hydraulic isolation of the PSSS is achieved by controlling the 
head and loss coefficient of regulating pumps A and B m the cold kg of the primary coolant 
loop (as shown in Fig. 1). By carefully controlling these centrifugal pumps, the pressure 
drop across die PSSS (from point 1 to point 2 in Fig. 1) can be eliminated, resulting in a 
stagnant flow condition. The coolant may contain neutron absorbers that act to passively 
shut down the reactor. 

Application of the PSSS to enhance PWR safety during a postulated accident has been 
studied1 using the THYDE-W Analysis Code2* 3. The analysis modeled a typical nuclear 
steam supply system (NSSS) of a four-loop 1100-MW(e) PWR. The PSSS in this model 
contained as much coolant as is found in a typical NSSS accumulator. The neutron 
absorber in the PSSS was boron at a concentration of 5000 pptn. 

Calculations with and without a PSSS in the Nuclear Steam Supply System (NSSS) 
snowed that the PSSS enhanced passive reactor safety during an anticipated transient 
without scram (ATWS) under loss of normal ac power. The conservative assumptions 
were complete loss of feedwater and main steam flow in 5 seconds, complete coast down 
of ajjpumps in IS seconds, and insertion failure of the scram rods. The results indicate that 
the PSSS adequately compensated for the ATWS without operator intervention or the use 
of other ECCS components. Small-and large-break loss-of-coolant accidents (LOCA) were 
also analyzed, with the results showing an increase in the walkaway period with die PSSS 
in the system 

It has been suggested1 that the PSSS could possibly simplify existing reactor designs by 
allowing certain components to be removed from the RCS. Such components may include 
the scram rods, die high-pressure injection system, or the accumulators. None of these 
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components was required to halt die postulated transients when a PSSS was in the modeled 
systems. 

Alternative Versions: None 
Status of Technology: Preliminary modeling of diis concept has shown how die PSSS 
could act as a passive EGCS in a PWR during an ATWS under loss of normal ac power. 

Advantages: 1. Maintains core cooling during an ATWS accident. 
2. Increases die wallaway period of a PWRdurirujbc<h a 

break LOCA. 
3. Provides a passive reactor shutdown mechanism during anticipated 

transients. 
4. The device is passive in operation. 

Additional Requirements: Obtaining hydraulic isolation of the PSSS during all normal 
operating procedures may require die use of odwr passive systems. The hot and cold leg 
interfaces must be vertical to help stabilize arid pievem horizontal coolant flow. The 
interfaces will be disturbed by diermal and mokcular diffusion. Baffles also may be used 
to prevent horizontal flow. 

Comments: The technology has some characteristics of die PIUS reactor concept(see: 
Process Inherent Ultimate Safety Reactor Technology). 

References: 

1. Yoshiro Asahi, Hiroaki Wakabayashi, Tadashi Watanabe, Tmprovement of Passive 
Safety of Reactors," Nucl. Sci. and Eng.. 2& 73-84 (May 1987). 

2. Y. Asahi and Y. Suzuki. Journal nf Nuclear Science and Technnlnyy. 21 (9\. Ml 
(1984). 

3. Y. Asahi et al.. THYDE-P2:RCS (Reactor-Coolant System! Analysis Code. JAERI-
1300, Japan Atomic Energy Research Institute (1986). 

Update/Compiler: W.y 1989/WJR 
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TITLE: FLUIDIZED-BED PRESSUREED-WATER REACTOR 

Functional Requirements: Level 1.1: Control Core Heat Generation Rate 

Level 1.2: Remove Core Heat 

Safety Type: Passive 

Developmental Status: 5 Concept 

Reactor Type: Pressurized-water reactor (PWR) 

f>yani^rinn- Multiple 

Examples of Implementation: None 
Description: Several fluidized-bed PWR concepts have been proposed with several passive 
and inherent safety features that may help maintain core integrity during various postulated 
reactor accidents. A fluidized-bed reactor is composed of a layer or bed of solid fuel pellets 
mat are "fluidized" or suspended in an upward-flowing liquid such as water. Unlike a gas-
cooled pebble bed reactor, die fuel pellets are actually suspended in die liquid moderator 
during reactor operation. 

Control of the fluidized-bed reactor is achieved by controlling the coolant flow rate. 
Increased coolant flow rate will increase die moderator-to-fuel ratio as the fuel pellets rise 
from the bed At fim the reactor reactivity will increase. This reactivity increase with 
increased coolant flow rate eventually reaches a maximum and then the reactivity decreases 
with increasing flow as the fuel is further diluted with water. This provides an inherent limit 
on additional reactivity. Physical barriers that limit the active core height can also be 
employed to control the maximum reactivity. These reactivity control techniques may 
eliminate the need for burnable absorber and control rods and provide safety against 
reactivity accidents. 

Other unique characteristics of a fluidized-bed reactor include the high heat-transfer rates due 
to die large surface area of the fuel. The thorough mixing of fuel and moderator results in 
an even temperature distribution and a large, homogeneous fuel pellet burnup. Fuel loading 
can occur on-line through access ports in the reactor vessel. 

Various reactor designs based on fluidized beds have been proposed including a single 
fluidized bed and a more modular type of design. Spherical fuel composed of Zircaloy-clad, 
slightly enriched UO2 with a pressurized light-water coolant has been proposed, as well as 
the use of thorium fuel pellets with organic coolants or natural uranium with a heavy-water 
coolant. 

An example of the concept of a fluidized bed reactor is shown in Fig. 1. This proposed 
reactor uses Zircaloy-clad, slightly enriched UO2 with light-water coolant. Figure 1 is of a 
single reactor module. An actual fluidized-bed reactor would be composed of a number of 
these modules. Each module would produce approximately 5 MW thermal power. Each 
module has a reactor core, a steam generator, and a coolant pump. The fuel chamber located 
below the core provides passive reactor safety during an LOCA or pump failure. After a 
loss of coolant flow, the fuel pellets would settle into the fuel chamber, which is 
geometrically designed to keep the fuel in a subcritical configuration. A spent fuel pool is 
located under the reactor modules and is capable of absorbing the decay heat after reactor 
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shutdown. The fuel can also be discharged from the bottom of the modules into the spent 
fuel pool during refueling or after a loss of coolant flow. Criticality control and enhanced 
cooling could be achieved by placing fuel chutes or tubes under the fuel discharge valves to 
direct the fuel pellets into a wider, less critical geometry in the spent fuel pool. 

Other fluidized-bed reactor concepts have been proposed that are not modular in design. 
Physical barriers to limit the active core height, such as die level limiter shown in Fig. 1, are 
not always used and, instead, the reactor pressure vessel is designed with a flared top so 
that the resulting decrease in the coolant flow velocity at the top of the core will contain me 
fuel pellets. Reactivity control is then achieved by controlling the coolant flow rale and by 
limiting the amount of fuel available so as to achieve a minimal critical mass. Fuel pellets 
can be added on-line to correct for fuel depletion and fission product accumulation. 

Alternative Versions: There are many alternative proposed designs. 

Status of Technology: Preliminary studies of fluidized-bed concepts have been performed 
and have involved studies of fuel and cladding abrasion, experimental verification of heat-
uansfer and fluid-flow characteristics, reactor control and transient phenomena, and other 
reactor physics calculations. 

Advantages: 1. Passive control of reactivity eliminates need for control rods and burnable 
absorber. Fluid bed characteristics provide inherent limit to reactivity. 

2. Some fiuidized bed designs provide for passive emergency-core cooling 
capabilities. 

Additional Requirements: None 

Comments: A significant research and development effort would be required to properly 
assess the viability of these concepts. 

References: 

1. F. Sefidvash, "A Fluidized-Bed Nuclear Reactor Concept," Nucl. Technol.. ZL 527 
(Dec. 1985). 

2. F. Sefidvash and M. R. Harron, "Preliminary Reactor Physics Calculations of a 
Fluidized-Bed Nuclear Reactor Concept," Atomkemencrgie/Kemtechnik. 25. (3), 191 
(1980). 

3. F. Sefidvash, "Preliminary Thermal Design Calculations of the Fluidized-Bed Nuclear 
Power Reactor," Atomkcrnenergie/Kcmtechnik. 4J., 45 (1982). 

4. F. Sefidvash, "Loss-of-CooIant Accident in the Fluidized-Bed Nuclear Power 
Reactor," Aiomkcrngncrgie/Kermcchnik, 42 (2), 125 (1983). 

5. M. R. Scheve, "Liquid Fluidized-Bed Reactor Program," Proc. American Power 
Conf., Chicago, Illinois, March 1960, Vol. 22, p. 138, Illinois Institute of 
Technology (1960). 

6. M. M. El-Wakil, Nuclear Energy Conversion. American Nuclear Society (1978). 
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TITLE: PRESTRESSED CONCRETE REACTOR VESSEL (PCRV) 
FOR LIGHT-WATER REACTORS 

Functional Requirements: 1.2.1 Maintain Core Coolant Boundary Integrity 

Safety Type: Passive 

Developmental Status: 2 

Reactor Type: Light-Water Reactor (LWR) 

Organization: Vendor (General Atomics, Great Britain) 

Examples of Implementation: None for LWRs 
All Advanced Gas-Cooled Reactors 

Description: Prestressed concrete reactor vessels (PCRV) are being considered for use 
widi advanced light-water reactors. The potential advantages include: (1) PCRVs can be 
built in sizes much larger than steel vessels, (2) the experience widi PCRVs in gas-cooled 
reactors has been excellent, and (3) PCRVs may be designed widi relatively benign failure 
modes. Figure 1 shows die design of a current British Advanced Gas-Cooled Reactor 
vessel and a proposed vessel for PlUS-type reactors. (See Process Inherent Ultimate 
Safety Emergency Core Cooling System and Fluidic In-Vessel Emergency Core-Cooling 
System.) 

A PCRV is a composite concrete-and-steel pressure vessel where die concrete structure 
contains both steel cables and steel rebar. The steel cables "wrapping" die pressure vessel 
are prestressed to hold the vessel togedier in compression at all operating pressures 
(Fig. 2). During normal operations, die structural effect of the steel rebar is to ensure 
local distribution of stresses within die vessel and thus reduce or prevent crack formation. 
The concrete is die filler and provides die mass of die vessel. This mass results in a vessel 
that can withstand, without failure, impact (accident) or shock (explosive) loadings mat 
are much larger than can be tolerated with odier types of pressure vessels. 

PCRVs are designed for only benign failure modes. A PCRV has thousands of 
prestressed cables. Widi this redundant structural characteristic, die loss of multiple 
cables does not threaten vessel integrity. Widi nuclear-grade vessels, sufficient steel rebar 
is included to ensure vessel integrity (but widi permanent damage) in die event that all 
prestressed cables are destroyed. If a vessel is overpressurized, small cracks will open in 
the concrete and, thus, will vent the vessel fluid. With die prestressed cables, the vessel 
will reseal after sufficient fluid exists to lower die pressure. 

Current developments of PCRVs for LWR applications have included one additional 
feature to ensure vessel integrity against leaks. This is a double-liner system where die 
vessel cross section from the inside to the outside the vessel consists of stainless steel 
liner, 1 m of concrete, embedded steel liner, and 6 to 8 m of concrete. The embedded 
liner is protected against extreme events by die 1 m of concrete. The secondary liner 
protects die bottom 90% of die vessel against leaks. The secondary liner is not extended 
to the top of the vessel. In the event of a very severe overpressure accident, the vessel is 
designed to leak near the top of the pressure vessel. This feature allows steam to escape 
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from the reactor vessel but prevents release of the water around the reactor core. The 
technology for the embedded seel liners was developed and has been used for several 
decades in Swedish reactor containment structures to ensure leak-tight containments. 

Alternative Versions: There are many design variations of PCRVs. 

Status of Technology: PCRVs are the standard, commercial technology of choice for 
large gas-cooled reactors. Large-scale, commercial experience with these systems is 
available. The technology has been developed but has not been deployed for LWRs as 
part of the Scandinavian PCRV Development Program. This program included large-scale 
model tests. 

Advantages: PCRVs have multiple advantages compared with odier types of pressure 
vessels such as: 

1. two independent mechanisms (cables and rebar) to ensure vessel integrity, 

2. two independent liners to ensure leak-tightness, 

3. slow failure with benign vessel failure mechanism, 

4. very high resistance to impact (major accident) and shock (explosive) loadings, and 

5. feasibility of fabrication in very large sizes. 

Additional Requirements: None 

Comments: None 

References/Contacts: 

1. Z. P. Bazant, "Safety Advantages of Prestress Concrete Reactor Vessels," Nucl. 
Technol.. 2Q, 256 (September 1976). 

2. C. Elter and G. Becker, "Design Criteria for Prestress Concrete Reactor Vessels for 
High-Temperature Reactors," Nucl. Technol.. 5_9_, 228 (November 1982). 

3. H. Norman, "Enclosing Means for Housing a Nuclear Reactor Core," U.S. Patent 
No. 4,533,513 (Aug. 6, 1985). 

4. American Concrete Institute Committee 361, Composite Concrete and Steel High-
Pressure Vessels for General Industrial Use. ACI361R-86, American Concrete 
Institute (April 1986). 

5. S. Menon, I. Rasmussen, T. Taranai, and W. Kraemer, "Scandinavian PCRV 
Development: Present Status and Planned Work, 1973-75," Proceedings of the 2nd 
International Conference on Structural Mechanics in Reactor Technology fS.VHRTi. 
Vol. 3, H3/9, Berlin (1973). 
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6. K.HannerzetaL.TIUS -The Next Generation Water Reactor." Proceedings of 
Safety of the Next Generation Power Reartofs. American Nuclear Society, Seattle, 
Washington (May 1988). 

7. K. Hannerz. Towards Intrinsically Safe Light-Water Reactors. ORAU/iEA-83-2 (Ml 
- Rev. (July 1983). 

ilpdatt^Conapiler August 1989/CWF 
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TTTLE: METAL PRESSURE VESSEL IN POOL 

Functional Requirements: 1.2.1 Maintain Coolant Boundary Integrity 
1.2 Remove Core Heat 
3.2 Irnrnobiuze Releases 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Light-water reactor 

Organization: University (University of Tokyo), Industry (Sumitomo Heavy 
Industries, Inc.), and National Laboratory (Japan Atomic Energy Research Institute) 

Examples of Imptementation: None 

Description: A safety concern is die integrity of die reactor pressure vessel and its 
potential for failure due to severe accidents, sabotage, or c4ber causes. One option is to 
locate the metal pressure vessel in a large pool so tJnt if die metal pressure vessel fails, die 
pool will keep die reactor core submerged under water. This concept is currently being 
investigated in Japan for the Intrinsically Safe and Economic Reactor (ISER). The ISER 
system is shown in Fig. 1; technical details are listed in Table 1. 

In this particular application, die pool surrounding the reactor u also used as part of the 
emergency core cooling system, spent fuel storage system, and pressure-relief valve 
blowdown system, as well as for several ouier functions. 

ISER is a PlUS-type pressurized water reactor (PWR) (see Process Inherent Ultimate 
Safety [PIUS] Technology) in a metal pressure vessel. Using this type of design, die 
pressure vessel operates in a thermally cakl condition. This is in contrast to conventional 
LWRs, where the pressure vessel is thermally hot. With a cold pressure vessel, the heat 
loss from die pressure vessel to the pool during normal operations is very low. 

ISER can operate with a cold pressure vessel because the internals of the vessel are divided 
into two zones: (1) a low-boron-concentration, hot-water zone with reactor core, steam 
generators, and recirculation pumps; and (2) a high-boron-concentration, cold-water zone 
that is located next to die pressure vessel wall. The two water zones are in hydraulic 
contact widi each ouier near die top and die bottom of the pressure vessel. A hydraulic 
balance mechanism (die PIUS concept) prevents circulation of water between the two water 
zones during normal operation. 

The emergency core cooling system for ISER uses the pool as a heat sink. The system (see 
Process Inherent Ultimate Safety [PIUS] Technology) is designed to allow the two water 
zones inside die pressure vessel to become one zone if rhe reactor core overheats for any 
reason. When this occurs, die pressure vessel goes from a thermally cold state to a 
thermally hot state and core decay heat is conducted through the pressure vessel wall to the 
pool water. Pool inventory is sufficient to provide core cooling through the vessel walls 
for-47 d. 

The pool, which has a design pressure of 20 kg/cm3, is also designed to withstand the 
pressure associated with vessel failure. In such a case, the pool becomes the "effective" 
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pressure vessel but operates at a much lower absolute pressure than does the metal pressure 
vessel. 

In die event of any extreme accident widi significant core damage, die pool maintains die 
damaged core underwater. The pool water would scrub any gaseous releases from die 
core. 

Alternative Versions: The ISER reactor is relatively small; however, die basic approach 
should be applicable to reactors of all sizes. The major constraint for scale-up involves die 
pressure vessel surface area limitations dut limit die amount of heat which can be 
transferred from inside die pressure vessel to die pool water after an accident. These 
IJnritatfoffT ran frp ?%iiiyin^ by ri>. aririitinn nf hear pipes cr ndier devices through the 
pressure vessel wall from the in-vessel cold water zone to die pool water. 

Status of Technologv: Multiple studies are under way in Japan at Sumitomo Heavy 
Industries, the Japan Atomic Energy Research Instittiie,aridtheUmvcrsir^ofTolq(oonthe 
ISERconcepL Similar concepts have been proposed for various low-temperature district 
heating reactors. 

Advantages: 

1. Provides backup incase of failure of the metal pressure vessel. 

2. Serves as possible emergency core cooling system for some reactor designs. 

3. Limits die maximum accident since die pool scrubs fission products from a core 
damage accident. 

AtMilif*1*1 Requirements: The selection of the materials to lie used for fabrication of die 
pressure vessel in die swimming pool requires special consideration due to die low vessel 
temperatures encountered. 

Comments: The use of cold reactor pressure vessels and their placement in a pool as a 
backup safety mechanism are relatively new concepts. Additional studies of thermal shock 
and similar issues must be addressed. 

References/Contacts: 

1. T.Arita, "Various Technical Problems Relating to the ISER Reactor," Qflsaai 
Papers of die Safety Reactor System Design Research Group, U T N L - R 0229, 
Nuclear Engineering Research Laboratory, University of Tokyo (December 1988) 
(Oak Ridge National Laboratory translations ORNL/OLS-89/21) 

2. T. Yoshida, H. Wakabayashi, and Y. Asahi, "System Design for ISER," 
Collected Papers of the Safety Reactor System Design Research Group, IJTNL. 
R0229, Nuclear Engineering Research Laboratory, University of Tokyo 
(December 1988), (Oak Ridge National Laboratory translation ORNL/OLS-
89/21) 

Update/Compiler: July 1989/CWF 
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Table 1: Design parameters of ISER reactor with metal pressure 
vessel in swimming pool 

General ISER Parameters 
Type 
Power 
System pressure 

PWR 
645MWth 
15.9 MPa 

Metal Pressure Vessel Parameters 
Inside diameter 
Height 
Wall thickness 
Average vessel temperature 

6m 
26 5 m 
0.3 m 
75°C 

Swimming Pool Parameters 
Design pressure 
Diameter 
Height 
Material of construction 
Normal operating temperature 

20 kg/cm* 
12 m 
33 5 m 
Concrete 
50°C 

Reactor Parameters 
Reactor coolant outlet temperature 
Reactor coolant inlet temperature 
Power density 

323°C 
288°C 
62.2 kWh 

Cold Water Zone Temperature 97°C 
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Fig. 1. ISER with pools. 
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TITLE: PASSIVE REACTOR CORE-COOLING SYSTEM THAT CAN OPERATE 
WITH PRIMARY PRESSURE VESSEL LEAK 

fifnrtiffflal Requirements: Level 1.2.1 Maintain Core Coolant Boundary Integrity 

Safety Type: Passive 

Developmental Status: 4 Analyzed 

ReacmrTvpc: Light-Water Reactor (LWR) 

OrramraiKWi: Vendor (Asea Brown Boveri) 

Bamplffl of Implftnrnnmffli: None 
Description: Emergeiicycoofagof areactorcoreeiKlosedinalarg^ 
secured for a relatively long period by filling die pressure vessel with water. The heat from 
die reactor core is absorbed when the water is evaporated, witfi die resuhmg steam being 
vented from the vessel. However, die cooling ability can be lost if a ruptine occurs in the 
lower part of die pressure vessel and die water leaks out as a liquid before it can be 
vaporized for cooling purposes. 

Loss of cooling ability due to leakage could be prevented by a system composed of (1) an 
outer vessel enclosing die pressure vessel, (2) an evaporation pool above the pressure 
vessel, and (3) a cooling coil in die upper part of die pressure vessel wim both ends 
connected to die evaporation pool (Fig. la). Addition of die outer vessel creates an auxiliary 
space between die two vessels, connected to die evaporation pool by one or more hydraulic 
connections. Because of die difference in pressure between die pressure vessel and die 
auxiliary space, a leak in die tower part of die pressure vessel would produce a flow of 
water from die auxiliary space to die evaporation pool and die cooling coils (Fig. lb). 
Durmg normal operation, die evaporation pool may be dry. After a leak, die pool would 
begin rofUl wim water and flood uw cooling coils. High-pressure steam indie pressure 
vessel would condense on die cooling coil, generating steam in die coil and emitting it to die 
evaporation pool. The liquid in die evaporation pool would flow by self-circulation dirough 
die cooling coil and dienboil at a point near die pool surface. Thus, a teak in die lower 
portion of die pressure vessel would not result in a loss of die heat sink. 

This system is self-balancing. If a leak occurs in die pressure vessel, die high pressure in 
die vessel forces die water to die evaporation pool and coils. At high pressures and 
corresponding high water and steam temperatures, die resulting temperatures in die pressure 
vessel allow excellent heat transfer to die cooler water in die coils. Over time, die steam 
condensation on die cooling coils decreases die pressure in die vessel and die amount of 
water forced out of die teak is reduced or stopped, leaving mote in die vessel for core 
cooling. As a result, less heat transfer to die coils occurs. Note diat die evaporation pool 
temperature never exceeds KXPC- die atniospheric boiling point of water. Since the 
evaporation pool is above die pressure vessel, die hydraulic head ensures diat the pressure 
of water in the pressure vessel exceeds one atmosphere with the boiling point of water in the 
vessel significantly above 100° C. This ensures that the higher temperature needed to 
transfer heat across the cooling coils will be produced and that die evaporation pool will 
evaporate to dryness before the reactor core and assure full utilization of all cooling water, 
assuming proper sizing of die cooling coils. 
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Alternative Versions: Several coils could be used in a variety of arrangements. 

Status of Technology: Preliminary work on this concept has been done by Asea Brown 
Boveri (ABB) as part of that organization's PIUS reactor development program. 

Advantages: 1. Maintains core cooling in the event of a leak in the lower portion of die 
pressure vessel. 

2. No moving parts. 

Ariditmnrt Requirements: None 

Comments: This technology was originally developed for large prestressed concrete reactor 
vessels with sufficient water in the pressure vessel to cool the reactor core for approximately 
one week. 

References/Contacts: 

1. J. FredeU and K. Hannerz. Means for Cooling a Heat-Generating Device. U.S. Patent 
Number 4,666,661 (May 19,1987). 

Update/Comriler Feb. 1989/EBL 
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TTTLE: REACTOR PRESSURE VESSEL WITH NO BOTTOM PENETRATIONS 

Functional Requirements: Level 1.2.1: Maintain Core Coolant Boundary Integrity 

Safety Type: Inherent 

Developmental Status 1: Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendors (Multiple) 

Examples of Implementation: Yankee Rowe Nuclear Power Plant, Massachusetts, PWR 

Description: Reactor pressure vessel is designed with no bottom penetrations. Lowest 
vessel penetrations are the cold and hot water nozzles near the top of die pressure vessel 
The reactor core is placed at die bottom of die pressure vessel 

Alternative Versions: None 

Status of Technology: Technology is standard practice for reactors built by several 
vendors. 

Advantages: 1. No bottom vessel penetrations eliminate die possibility of pipe or 
instrument tube failure draining pressure vessel. Minimum emergency 
core cooling water quantity is ensured by die pressure vessel volume 
below die nozzles and above die reactor core. 

2. Higher reliability, faster, simpler inspection of pressure vessel integrity 

Additional Requirements: None 

Comments: 1. See: "Reactor Pressure Vessel widi Minimum Penetrations.n 

2. The largest existing pressure vessels widi diis feature are diose for 
certain heavy water reactors (1). Heavy water reactors have lower power 
densities which require die use of larger pressure vessels titan for LWRs. 

References: 

1. "Building a 745 MWe Pressure Vessel PHWR in die Argentine," Nuclear Engineering 
International. 30 (September 1982). 

Update/Compiler: Nov. 1988; CWF 
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TITLE: INTEGRAL PWR WITH NO PRIMARY SYSTEM PIPING 

Functional Requirement: Level 1.2.1 Maintain Core Coolant Boundary Integrity 

Safety Type: Inherent 

Developmental Status: 2 Demonstrated 

Reactor Type: Pressurized Water Reactor (PWR) 

Organization: Vendor (Combustion) 

Examples of Implementation: Otto Hahn (Merchant Ship) 

Description: Current PWRs have separate reactor vessels, steam generators, pressurizers, 
and pumps that are interconnected by pipes. Pipe failures, pump seal failures, and various 
other failures create die potential for loss of coolant from the primary system. Many of 
these failure modes can be eliminated by incorporating all primary system components into 
a single pressure vessel. 

An example of such a design is die Safe Integral Reactor (SIR) proposed by Combusion 
Engineering, Rolls-Royce, and other partners (1-4). Specific design features of SIR are 
shown in Fig. 1 and listed in Table 1. The following design features should be noted: 

• The 12 steam generators are inside the main pressure vessel with small-bore tubing 
for feedwater and steam. The largest external pipe connected to die pressure vessel 
is <7 cm (<2.8 in.). This limits the maximum rate of loss of coolant after an 
accident. 

• Sealed primary circulation pumps are used with no high-pressure seals. 

• The primary system has a large water inventory for short-term emergency core 
cooling (see: High Water Inventory). 

• All vessel penetrations arc near the top of the pressure vessel (see: Reactor Pressure 
Vessel with no Bottom Penetrations) 

Alternative Versions: Multiple 
Status of Technology: The technology has been used for various marine reactors and 
considered for power plants by different vendors (5,6). 

Advantages: 1. Integral designs eliminate primary pipes and, hence, primary pipe 
failures. 

2. Many potential safety-related equipment failures become either 
nonsa/ety-rclated or have reduced importance because the primary 
pressure barrier remains intact For example, failure of the casing for 
the main circulation pump is not a loss of coolant accident for the SIR. 
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3. Many possbfeseismfc-ielaied failures caused by d ^ 
of heavy-pressure vessel/steam generator equipment are eliminated 

4. The thick-wall primary pressure boundary area is significantly reduced 
with simpler geometry, which improves manufacture and inspectability 
of die pressure boundary. This reduces probability of failure. (Note: 
Design does not change die steam-generator tube area; however, steam 
generator tubes are small and die failure of a steam generator tube 
allows only a slow loss of coolant Failure of die duck-wall primary 
pressure boundary may imply rapid loss of coolant) 

5. The equipment arrangement allows teedwater/steam generation inside 
die steam generator tubes wim primary circuit water outside die tubes. 
This places die steam generator tubes in compression which reduces 
dte probability of tube rupture. 

6. For typical designs such as SIR, die distance between reactor core and 
pressure vessel increases wim resultar; lower radiation damage to 
pressure vessel (radiation doses ~iO* less for SIR pressure vessel 
compared to conventional PWR). 

Additional Requirements: None 

Comments: None 

References: 

1. "SIR - An Imaginative Wav Ahead." Nucl. Eng. Intern. (June 1989V 

2. "The SIR Project," Atom (June 1989). 

3. R. Bradbury, J. Longo, R. Strong, and M. Hayns, "The Design Goals and 
Significant Features of the Safe Integral Reactor," Trans. Am Nucl. Soc.. Annual 
Meeting, Atlanta, Georgia (June 4-8,1989). 

4. R. A. Matzie, J. Longo, R. B. Bradbury, K. R. Teare, and M. R. Hayns, Design 
of the Safe Integral Reactor. Combustion Engineering: TIS-8471 (1989). 

5. Bat™** and Wi1m« 4fW MW* riwnlfahiirf Nuclear Steam System (CNSS* 
125S MWt CNSS Design/Cost Update. ORNL/Sub/82-17456/1 [BAW-1754] 
(July 1984). 

6. United Engineers and Constructors. Inc.. The CNSS Plant Concept. Capital Cost, 
and M ulti-Unit Station Economics. ORNL/Sub/82-17455/4 [UE&C-DOE-ORNL-
830Ti5J (July 1984). 

Update/Compiler September 1989/CWF 
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Table 1. Basic parameters for the SIR system 

Plant data Pressurizer 

Power output Type Integral with reactor 
(design) 320 MWe vessel (in head) 

Reactor power 1000 MWth Volume 80 m 3 (2825 ft3) 
Reactor type Pressurized-water 

reactor (PWR) Reactor coolanl t pumps 
Plant style Integral primary 

circuit Number 6 
Type Glandlesswet 

winding 
Primary circuit Power (design) UOOkW 

Operating power 700 kW 
Design pressure 19.4 MPa (194 bar) 
Operating pressure 15.5 MPa (155 bar) Pressure vessel 
Coolant flow 7500kg/s (7.38t/s) 
Core inlet Height 19.2 m (63 ft) 

temperature 295<>C(5630F) Diameter 5.8 m (19 ft) 
Core outlet He?ght Wall thickness 28 cm (11 in) 

temperature 318°C(604OF) Weight -1000 tons 
Free volume 2400 m 3 

Reactor core 

Moderator Light water 
Fuel Low-enriched U02 
Fuel enrichment 3.3 - 4.0% 
Reactivity control Fuel loading, 

burnable poison, 
control element 
assemblies, no soluble 
boron 

Clad material Zircaloy-4 
Power density 55kW/L 
Refuel cycle 24 months 

Steam generators (SGS) 

Number 12 
Type Modular once-through 
Steam temperature 298°C (568°F) 
Steam pressure 5.5 MPa (55 bar) 
Superheat 280C (82.4°F) 
Feedwater 

temperature 2240C (435°F) 
FecJwater flow 5I6kg/s (1138 Ib/s) 
Tube bundle length 8.5 m (27 ft 10 in.) 
Heat transfer area 11,140 m 2 03,323 yd 2) 
Material Inconel 690 
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Fig. 1. Primary circuit flow diagram for safe integral reactor. 
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TITLE: FLUIDIC DIODES 

Functional Requirements: 1.2.1 Maintain Core Coolant Boundary Integrity 

1.2.3 Transport Heat to Ultimate Heat Sink 

Safety Type: Passive 

Developmental Status: 1 Commercial 
Reactor Type: Light- water reactor (LWR) 

Organization: Vendor (Rolls Royce and Associates, Inc.) 

Description: Fluidic diodes are one-way valves with no moving parts. Fluidicdiodes 
differ in rjerformance compared wim mechanical one-way valves in the following ways: 

• Fluidic diodes are very reliable because they contain no moving parts. 

• Fluidic diodes can operate under conditions where check valves win fail This is 
partly due to the large physical clearances in such devices, wliich can be made 
larger dun the connecting pipes. Buidkdwdes will normally handle high debris 
levels, varying pressure levels, and pressure pulses. 

• Fluidicdiodes do not totally shut off fluid flow. The pressure drop in one 
direction for a particular flow rate may be 50 to 100 times diat in die opposite 
direction in high-performance devices. 

Three designs of fluidic diodes (1-4) are shown in Fig. 1. 

The vortex diode is a high-efficiency diode with flow resistance SO tirnes higher in one 
direction than the other for typical designs. In the low-flow-resistance direction, flow 
resistance is roughly equal to two 90° pipe bends. In the high-flow-resistance direction, 
the fluid flow sets up high centrifugal forces that resist fluid flow. The scroll diode 
operates on similar principles. For typical designs, the scroll diode will have 30 times 
more resistance to fluid flow in one direction versus die other. The scroll diode has die 
desirable characteristic that its volume can be very small, which is important for certain 
applications. 

The fluid flow rectifier is a lower-performance device. It is an example of a class of 
diodes where flow resistance and flow turbulence create die diode effect. 

Fluid diodes are being used, or are being considered, for several applications, as follows: 

1. Fluidic diodes can reduce die rate of fluid loss in a loss-of-coolant accident by 
50%. If a pipe breaks in half, fluid will pour out both ends of the pipe break. 
Widi a fluidic diode in die line, die fluid cannot reverse direction; it can only leak 
out one side of the break. Fluidic diodes are currently used in British Advanced 
Gas-Cooled Reactors (AGRs) for such an application. Figure 2 illustrates this 
concept for AGRs and shows where fluidic diodes could be used in a PWR. 

2. Fluidic diodes can prevent equipment drainage by fluid flow reversals in accident 
scenarios. In die above example, the diodes also protect compressors and other 
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equipment In some cases, fluidic diodes can prevent mechanical equipment 
failures, which, in turn, will prevent secondary accident initiation events caused 
by equipment failure. 

3. Fluidic diodes can create alternative water flow paths to assist emergency core 
cooling after initiation of an accident. An example of this application (5-6) is die 
proposed Safe Integral Reactor (SIR) - a PWR being developed by Combustion 
Engineering and Rolls Royce and Associates, Inc. (Fig. 3). During normal 
operation, water flow is from core to recirculation pump, to steam generator, and 
back to die reactor core. If tfiere is a pump failure or low water level, vortex 
fluidic valves allow water flow from die reactor core directly to the steam 
generator (or decay heat cooler) and back to die reactor core. This avoids die 
high flow resistance of die dead pump and ensures water circulation even widi 
lower water levels in die pressure vessel. 

Alterative Versions: There are many types of fluidic valves. 

Status of Tedinotogv: Fluidic diodes are used in gas-cooled nuclear reactors and nuclear 
fuel reprocessing plants; diey are also used in die oil and chemical industries. 

Advantages: Fluidic diodes are a passive, very reliable technology. They are primarily 
used in very critical applications where mechanical one-way valves are not considered to 
be suffidendy reliable. 

Arfrliiinnjil Requirements: None 

Comments: None 
References/Contacts: 

1. C F. King, "Power Fluidics for Nuclear and Process Plant Safety and Control," 
C94/83, Heat and Fluid Flow in Nuclear and Process Plant Safety. Institute for 
Mechanical Engineers (1983). 

2. C. Euierington, "Power Fluidics Technology and Its Application in die Nuclear 
Industry," Nucl. Energy 23. No. 4,227 (1984). 

3. P. J. Baker, "A Comparison of Fluid Diodes," Paper D6 presented at the Second 
Cranfield Fluidics Conference, Cambridge, England, January 1967. 

4. J. Grant, "Power Fluidics and die Environment," Critical Reviews in Environmental 
CODjrol, CRC Press, Inc., Boca Raton, Fla., 1977. 

5. R. Bradbury, J. Longo, R. Strong, and M. Hayns, "The Design Goals and 
Significant Features of the Safe Integral Reactor," Trans. Am. Nucl. Soc. 
(June 1989). 

6. R. A. Matzie, J. Longo, R. B. Bradbury, K. R. Teare, and M. R. Hayns, Design of 
the Safe Integral Reartor. Combustion Engineering, TIS-8471 (1989). 

Upgrade/Compiler- July 1989/CWF 
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TITLE: HIGH WATER INVENTORY 

Functional Requirements: 1.2.2 Maintain Core Coolant Makeup 

Sa*»rvType: Passive 

Developmental Status: 2 Demonstrated 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendors (Asea Brown Boveri, Combustion) 

Examples of Implementation: AllLWRs 

rvypriprinn: A major safety concern for LWRs is maintenance of reactor core cooling 
after normal or post-accident shutdown. If the reactor primary system is intact, the reactor 
core can be cooled by the inventory of water that is in the primary system (pressure 
vessel, steam generator, etc.) by conversion of water to steam and release of steam 
through pressure-relief valves. Tins cooling mechanism works regardless of die operation 
of other emergency systems, including various heat sinks. Because the water is in and 
next to the core, it is die most reliable source of reactor core cooling. 

This safety feature can be enhanced by increasing die primary system water inventory as 
measured in volume of water per unit of thermal power output Table 1 shows per unit 
water inventories for various LWR designs and die core-cooling time tiiey provide after 
reactor shutdown. 

Alternative Versions: Many options exist to increase water inventories in die primary 
system. 

Status of Technology: Historically, LWRs have had relatively small inventories of water 
in the primary system. Advanced reactor concepts have placed greater emphasis on 
increasing primary water system inventories as a safety feature. 

Advantages: 1. Increased water inventories increase die time between initiation of an 
accident and die possibility of core damage. This reduces die need for 
and speed of response required of emergency core-cooling systems. 

2. Large water inventories usually imply slower response of die reactor 
system to normal operational transients. This slower response makes 
die reactor easier to control, reduces wear and tear from operational 
transients, and allows die reactor to "ride out" many transients without 
reactor shutdown. 

Additional Requirements: None 

Comments: In addition to the primary circuit water inventories, pressurized water reactors 
(PWRs) have a secondary water inventory in the steam generator. This water inventory 
assists in long-term cooling if the primary system is not depressurized. If the reactor is 
depressurized, temperatures are low in the primary system and there is no temperature 
driving force to move heat to the steam generator and boil steam generator water. Steam 
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generator water inventory will typically add 1 to 3 hours of cooling time for die reactor 
core. 

tofiaences/Coiitacte: 

1. United Kingdom Atomic Energy Authority, The SIR Project," ATOM (June 1989). 

2. "SIR-An Imaginative Wav Ahead." Ndctear Engineering Inlemational (June 1989V 

3. Asea Brown BnverL PIUS: Technical Information. Vagterih. Sweden 
(January 1989). 

4. LHaarakaiKlT. Kukkola, "Passive Safety Features in VVER-440TvpeP^ 
Designed tor Finland," International Atomic Energy Agency Technical firimmitiBe 
Meeting on Passive Safety Features in Current and Future Watrr-Coofrri Rfiacmfy, 
Moscow, USSR (March 21-24,1989). 

Upriair/Tfflnpilfir; July 1989/CWF 



Table 1. Primary rjactor system water inventories and reactor core cooling times provided by inventory 

Reactor Reactor type Power output 
MW(t)° MW(e)c 

Water inventory 
m3/MW(t) 

Cooling time after 
reactor shutdown 

(H) 

References 

Existing reactors 
t 

Oconee 
(B&W) 

PWR 2568 846 0.133 ~lto2 1 

Calvert Cliffs 
(Combustion Eng.) 

PWR 2700 825 0.116 -ltt)2 1 

H. B. Robinson 
(Westinghouse) 

PWR 2300 665 0.112 - l to2 1 

Loviisa* 
(Finland) 

WER 1500 440 0.140 ~ltt>2 4 

Proposed reactors 

Safe Integral Reactor 
(Combustion) 

PWR 1000 320 0.402 ~6to8 1 

Secure P® (PIUS) 
(Asea Brown Boveri) 

PWR 2000 640 1.750 >170 3 

^ 1 

*A Soviet-designed PWR. This design also has a very large secondary side water inventory which provides ~6 h of cooling 
before the steam generator dries out. 

°MW(t) = megawatt (thermal). 
cMW(e)=megawatt (electrical). 
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TITLE: INTEGRAL SAFETY INJECTION SYSTEM 

Functional Requirements: 1.1.1 Provide Process Shutdown Mechanism 

1.2.2 Maintain Core Coolant Makeup 

Safety Type: Passive 

Developmental Status: 4 Analyzed 

Reactor Type: Pressurized-water reactor (PWR) 
QxgaoiSuioJi: Vendor (Westinghouse) 

Examples of Implementation: None 

Description: The Integral Safoy Injection System is a rnodified water accumulator 
integrated with reactor pressure vessel (Fig. 1). The accumulator contains borated water 
that would be injected into die reactor core during a loss-of-coolant-accident (LOCA) to 
cool die reactor core and assure shutdown of die reactor. 

The accumulator filled with cold water surrounds the reactor core (except on top). The 
accumulator is at die same pressure as die reactor core, but is separated from die reactor core 
by a water-tight insulated wall Open tubes from die accumulator extend into die bottom of 
die reactor core through empty control rod or instrument diimble locations. The outside wall 
of die accumulator is the outside wall of die primary system. This outside, primary-system, 
pressure-vessel wall is cooled by flooding the bottom of the vessel widi water. At me top of 
die accumulator, the accumulator tank is partially insulated. Heat conducts through die inner 
accumulator walls from the reactor to the accumulator water. Pool cooling of die pressure-
vessel wall maintains most of die accumulator water at cold conditions, except for water near 
die top of die accumulator diat becomes hot due to a lack of local vessel cooling. 

In an emergency such as an LOCA, die reactor will depressurize. The depressurization 
will cause die hot water in the accumulator to flash to steam and push die colder 
accumulator water into die reactor core. 

Alternative Versions: None 

Status of Technology: Initial studies of this concept were conducted by Westinghouse 
Electric Company in 1986. 

advantages: Passive accumulator that does not inject inert gases into die primary system. 

Additional Requirements: None 

Comments: System only operates when die reactor is initially at full pressure and temperature. 

References/Contacts: 

1. Bums and Roe, Inc., "Preliminary Conceptual Design Study for a Small LWR 
Plant: Phase I Report", Westinghouse Electric Company, March 1986. 

Update/Compiler. May 1989/CWF 
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TITLE: JET INJECTOR DECAY-HEAT CORE-COOLING SYSTEM 

Functional Requirements: 1.2.2 Maintain Core Coolant Makeup 

Safety Type: Passive 

Developmental Status: 2 3 Demonstrated/Evaluated (See Status of Technology) 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendor (Canada, General Electric, Combustion Engineering) 

Examples of Implementation: None 

Description: One method to cool a reactor core during emergency operation is to remove 
die heat by boiling water. Water lost from the pressure vessel or steam generator in steam 
production is replaced through a suitable makeup (PWR) or feedwater (BWR) system. If 
the makeup (PWR) or feedwater (BWR) system becomes unavailable, a replacement water 
supply system is needed to provide makeup (PWR) or feedwater (BWR) for passive 
removal of decay heat from the core. The replacement system can use water from the 
makeup (PWR) or feedwater (BWR) supply system condensate tank, fuel storage pools, 
or suppression pools. One passive method to pump this water into the pressure vessel or 
steam generator is to use a jet injector system operated, with decay heat steam from the 
reactor core or steam generator. The key technology for these applications is the jet 
injector system, which takes medium-pressure steam and low-pressure cold water and 
produces a small high-pressure stream of warm water and a second low-pressure stream, 
also of warm water. This device, which uses two steam injectors and a jet pump, contains 
no moving parts. 

Jet injector systems have been proposed for several reactor concepts: 

• Boiling-Water Reactors (BWRs) - In a system proposed for use in the General 
Electric Small/Simplified Boiling-Water Reactor 0) and the Ohio State University 
Inherently Safe Reactor (2>, the steam generated in the pressure vessel is proposed to 
power a jet injector system that pumps water into the pressure vessel at -1000 psi if 
a failure of the feedwater system occurs (Fig. 1), 

• Pressurized-Water Reactor (PWR) Steam Generator Feed - A similar approach can 
be used with a pressurized-water reactor to add emergency feed water to the steam 
generators (Fig. 1). 

Pressurized-Water Reactor Primary Circuit - The Combustion Engineering (C-E) 
Safe Integral Reactor (SIR) also proposes to use jet injectors to deliver makeup water 
to the reactor vessel when normal makeup is lost. The SIR Emergency Coolant 
Injection System (ECIS) consists of a steam injector receiving water from the 
containment pressure suppression tanks and injecting it into the pressure vessel 
downcomer. Two independent ECIS trains are provided. The steam comes from the 
upper head of the reactor vessel via a branch line in the reactor coolant vent system @>. 

An example of a jet injector system*4) is shown in Fig. 2. Through the use of steam 
injectors, the enthalpy of steam is exchanged for increased water pressure and velocity. 
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Two steam injectors are arranged in series and are separated by a heat exchanger to cool 
the water flowing between diem. Following loss of die normal feedwater supply system, 
steam from die pressure vessel is diverted from the turbines to die steam injectors. Steam 
enters die injectors and initially flows out check valves to an overflow. As steam passes 
through an injector, die expansion nozzle of die steam injector accelerates the steam to 
supersonic velocity at subatmospheric pressure. The high-velocity steam mixes with a 
mist of cold replacement water. The high-velocity mixture dien enters die condensation 
region of each injector where die steam-water mixture condenses, creating a high-velocity 
fluid stream that pulls shut die check valve on the overflow line, keeping the output water 
in the system lines. The high-velocity, low-pressure water stream is converted to a 
higher-pressure low-velocity exit stream from each steam injector. 

A jet pump is used to bring replacement water to steam injector A. A portion of die 
output of moderate-pressure water from steam injector A is fed back duough a branch 
line containing the jet pump, where die moderate-pressure water from die steam injector 
is driven rhrough the jet pump nozzle. The jet pump nozzle produces a high-velocity 
stream of water to establish low pressure within die pump, creating the suction needed to 
draw water from die replacement water supply into die system. On the output side of the 
jet pump there is adiffuser diat is shaped to reduce flow velocity and gradually boost die 
water pressure to steam injector A. The effk^rK^ofinjectcc A is maintained by cooling 
die steam-heated water output in a heat exchanger before it enters die jet pump. The 
coolant for die heat exchanger can be circulated by a pump or by natural convection. 

Most of die output water from steam injector A does not enter die jet pump circuit; instead, 
it proceeds tiirough heat exchanger B to steam injector B. Cooling the output water via die 
heat exchanger allows injector B to operate at an acceptably high efficiency level. The 
steam-driven replacement water from injector B is supplied to die replenishment water line 
of the reactor system at an output pressure exceeding 1000 psi, which is sufficient to 
allow it to enter the pressure vessel and remove decay heat from the reactor core. 

Alternative Versions: Many designs of jet injectors exist 

Status of Technology: Steam-driven injectors are not new. They have a long heritage in 
the chemical industry and in steam-driven merchant ships after World War II. In the 
merchant marine, tiiey were used as feedwater pumps. Steam injectors are used in 
emergency cooling systems of CANDU reactors*5) widi output pressures of 4.14 MPa 
(600 psi). Recent proposed applications are to generate feedwater pressures in excess of 
1000 psi. These high-performance devices have not been used in industrial applications 
nor are fully tested 

Advantages: I. Reactor core cooling is maintained without the use of electrically 
operated pumps. 

2. The steam injection system is inexpensive, uncomplicated, and simple to 
maintain. 

Additional Requirements: This technology requires maintenance of die primary reactor 
system pressure boundary integrity. This requirement is not necessarily needed for 
reactor safety. Small leaks in the primary reactor system can be handled by jet injectors. 

2 of 5 



6-62 

Comments: High-performance, high-pressure steam injectors imply a significant 
advance over currently available proven technology and may require a 
significant development effort 

References/CpnttCB: 
1. General Electric Company. Preliminary Conceptual Design Study for a Small 

LWR. EPRINP-5150M (June 1987). 

2. S. Jayanti and R. N. Christensen, "A Passive Steam-Driven Injector as ECCS for 
an Inherently Safe BWR." Transactions of the American Nuclear Society 53:310-12 
(1986). 

3. R. A. Matzie, J. Longo, R. B. Bradbury, K. R. Teare, and M. R. Hayns, Design 
of the Safe Integral Reactor. Combustion Engineering, TK-8471 (1989). 

4. R. W. Howard, Steam-Driven Water Injection. U.S. Patent No. 4,440,719 
(April 3,1984). 

5. S. Suurman, "Steam-Driven Injectors Act as Emergency Feedwater Reactor 
Supply," Power (March 1986). 

Update/Compiler April 1989/EBL 
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TITLE: NATURAL CIRCULATION OF WATER 

Functional Requirements: 1.2.3 Transport Heat to Ultimate Heat Sink 

Safety Type: Passive 

Developmental Status: 1 Commercial 

2 Demonstrated 

Reactor Type: Light Water Reactor (LWR) 

Organizations: Multiple 

Examples of Implementation: AllLWRs 
Description: A major passive safety characteristic of Light Water Reactors (LWRs) is 
natural circulation of water to transfer heat from the reactor core to u^ remainder of the 
primary system and the heat sink. The power density in an LWR may vary from 30 to 
100 kW/L, depending on the design. Decay heat removal levels after reactor shutdown 
are initially several percent of full power levels and remain above 1% of full power levels 
for several hours. At these power densities, heat removal by conduction of heat out the 
reactor core is insufficient to cool the reactor core. The reactor core must have water 
circulation through it to remove the reactor core heat during normal operations and the 
decay heat after normal or accident reactor shutdown. 

Water can be circulated through the reactor core to the rest of die primary system with the 
heat dumped from the system by forced circulation of water using pumps and/or natural 
circulation of water. Natural circulation of water is based on one of two phenomena: 
(1) hot water has a lower density than does cold water; and/or (2) water is converted to 
steam, which has a much lower density than liquid water. For natural circulation to occur, 
it is required that the heat source (die reactor core) be below the heat sink. This allows the 
lower-density, hotter fluid (or low-density vapor) to rise to die top of die primary reactor 
system and the colder, higher-density fluid to sink to die bottom of die primary system 
and to die reactor core. 

The capabilities of natural circulation for removing heat from die reactor core depend on 
die design of die primary system (1). Characteristics that encourage natural circulation in 
heat transfer are: 

• Large differences in die density of die hot water (or high steam content in 
water/steam mixtures) versus that of the cold return water. 

• Large elevation differences with heat sink far above reactor core. 

• Low pressure drops from flow obstructions between reactor core and heat sink. 

A brief description of natural circulation in several pressurized water reactors (PWRs) and 
boiling-water reactors (BWRs) shows how improved designs can increase natural 
circulation flow in a reactor under all conditions. 

Pressurized Water Reactor — Fr a PWR, water transports heat from the reactor core 
to die steam generator. During normal operations, hot water flows from the reactor core 
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to the steam generator, die steam generator generates steam while cooling the primary 
system water, and die cool primary water flows to die pun^ and dien back to die reactor 
core. Several layouts of primary PWR systems are presented in Fig. 1, which shows die 
evolution of designs tfutt encourage natural circulation flow. 

Figure 1(a) shows die primary system layout for die reactor involved in die Three Mile 
Island (2,3) accident. This particular layout resulted in a low natural circulation of water, 
which was a contributor to die accident. Two characteristics limited natural e m u l a t e 

• Thecenterofdiereactorcorcuonlyslighdybek^ 
generator (heat sink), providing htrie driving force for natural circulation. 

• The plant has siphon loops (high points in piping between reactor and steam 
generator). In die accident, diere siphon loops filled witii gas, first steam and 
d m steam/hydrogen mixtures. These gas pockets prevented die flow of water 
around die knp during n s ^ of uw accident The acck^nt sequence was 
stopped only when tiiese siphon loops were filled wnh water - a situation which 
reestablished circulation between die reactor core and die steam generator. 

Figure 1(b) shows schematics of more recent plant layouts (4-6) dut assist natural 
circulation flow. In each design, die steam generators are located entirely above die 
reactor core and siphon loops are reduced or eliminated The layout on die left is similar 
to many current operating reactors, while die design on die right is diat proposed for die 
AP-600(5) and several other next-generation reactors. The best of tiiese designs results in 
reactors where natural circulation heat iernovalcanbeashighas25%offuUreactor 
power. Such designs ensure natural circulation suffkiem to handle all accident 
conditions. 

Figure 1(c) shows schematics of advanced reactors (7-10) widi high natural-circulation 
capabilities. Some proposed versions of diesereactors are natural-circulation reactors 
wnh no pumps, where all reactor heat during normal operation is lemoved by natural 
circulation. The design on die left is die Combustion Engineering Safe Integral Reactor 
(SIR), while tha. on the right is that of the advanced Soviet WER. The SIR includes 
very low-pressure drops across die reactor core and dirough die primary circuit The 
unique characteristic of die Soviet WER is die horizontal steam generator. This feature 
has two potential advantages: a lower pressure drop and location of die entire heat sink 
(steam generator) at die high point to te circuit. [Note: A vertical steam generator 
removes heat over die entire elevation of die steam generator with cold, high-density water 
existing only at die bottom of die steam generator.] 

Boiling Water Reactor — In a BWR, die reactor core generates a mixture of low-
density steam and high density water. The mixture flows up a riser, and separates, die 
steam is sent to die turbine, and die water flows duough die downcomer to die bottom of 
die reactor core. Because of die very large density differences between a steam/water 
mixture and pure steam, all BWRs have high natural circulation rates compared with a 
PWR. The design evolution of large BWRs has been toward natural circulation. Figure 2 
shows early designs (11), current designs (12,13), and proposed future designs (14, IS). 
Many current BWRs have natural circulation rates from 30 to 50% of full power levels. 

Improved natural circulation in BWRs is achieved by reduction of die pressure drops. 
Early large reactors had external pump loops and jet pumps that offered significant 
pressure drops for natural circulation when pumps were shut off. Some current reactors 
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have internal recirculation pumps with low flow resistance when the pump is shut off. 
Many advanced designs have no pumps and use natural circulation water flow for normal 
power operations. 

Early sjrjaJi BWRs used natural circulation flow of water. Uncertainties about hydraulic 
instabilities and various economic factors resulted in early large BWRs with recirculation 
pumps. As a better understanding of hydraulic instabilities has been developed, natural 
circulation flow has been applied to larger BWRs. 

Alternative Versions: Many Options to Encourage Natural Circulation Water Row 

Status of Technology: The technotogy is used in all LWRs to assist safety. Improvements 
in design are increasing the capability of natural water circulation to remove heat from a 
reactor core at higher power levels and under more extreme accident conditions. 

Advantages: Passive technology 

Additional Requirements: None 

Comments: None 

Reference/Contacts: 
1. M. M. El "'alril, Nuc]ear Heat Transport. International Textbook Company, An 

In TextPuoliiher, Scranton (1971). 

2. M. Medio, "Up the Learning Curve for Reactor Safety: The Accident at Three 
Mile Island," Proceedings of the Canadian Nuclear Society 1980 Annual 
Conference. ISSN 0227-1907, pg. k-1.1, Montreal, Canada (June 18, 1980). 

3. Nuclear Safety Analysis Center, "Analysis of Three Mile island Unit 2 
Accident," NSAC-80-1 (March 1980). 

4. International Atomic Energy Agency. Status of Advanced Technology and 
Design for Water Cooled Reactors: Light Water Reactors. IAEA-TEC DOC -479 
(1988). 

5. R. Vijuk and H. Bruschi, "AP600 Offers a Simpler Way to Greater Safety, 
Operability and Maintainability," Nucl. Eng. Intern., p. 22 (November 1988). 

6. Z. Senru and T. Zuo, "Behavior Analysis for the Passive Safety Systems of 
AC-600," International Atomic Energy Agency Technical Committee Meeting 
on Passive Safety Features in Current and Future Water-Cooled Reactors, 
Moscow, USSR (Mar. 21-24,1989). 

7. R. S. Turk and R. A. Matzie, "The Minimum Attention Plant Inherent Safety 
Through LWR Simplification," American Society of Mechanical Engineers 
Annual Winter Meeting, Anaheim, California, 86-WA/NE-15 (December 1986). 

8. K. R. Teare, "SIR - An Imaginative Way Ahead," Nucl. Eng. Intern. 
(June 1989). 
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9. US. Department of Energy. Overall Plant PcsgB PcsmpWQa; WER Waftr-
OnoteL Waler-Mnfi-n.^ Energy Rertar DQE/NE-0084 (October 1987). 

10. M. F. Rogov, V. A. Voznesensky. V. F. Erolaev, and A. V. Moltchanov, 
"Passive Safety Systems for Design of NPP with WER of Average Power," 
International Atomic Energy Agency Technical Gbmmitiee Meeting on Passive 
Safety Features in Current and Future Water-Cookd Reactors, Moscow, USSR. 
Mar. 21-24,1989. 

11. R. T. Lahey. Jr.. and F. J. Mnodv. The TfaenMl-Hvrfranlirs of a Boiling Water 
NjjcJfiBLEfiacjOL American Nuclear Society (1977). 

12. D. R. Wilkins, T. Seta, S. Sugino, and R Hashimoto, "Advanced BWR: 
Design Improvements Build on Proven Technology," NncL Eng Intern., p. 36 
(June 1986). 

13. Asea-Atom,Forsmark Nuclear Power Plant Unit 3, Vasteras, Sweden (1988). 

14. J. D. Duncan and C D. Sawyer, "Capitalizing on BWR Simplicity at Lower 
Power Ratings," Proceedings of the 20th Intersorietv Energy Conversion 
Engineering Conference, p. 2.926. SAE P-164 (August 19851. 

15. Y. Kataoka, H. Suzuki, M. Murase, I. Surnida, T. Horiuchi, and M. Mild, 
"Conceptual Design and Thermal-Hydraulic Characteristics of Natural 
Circulation Boiling Water Reactors," Nucl. Technol. £2,147 (August 1988). 
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TITLE: DECAY HEAT REMOVAL BY NATURAL AIR CIRCULATION 
STEAM CONDENSERS 

Functional Requirements: Level 1.2.3: Transport Heat to Ultimate Reat Sink 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: Vendor (Multiple) 

Examples of ImjtfrmnffltfW None 

Description: Natural air circulation steam condensers can be used to remove decay heat 
from a reactor after a postulated loss^-fcedwater transient dial occurs a t o a siation 
blackout wim loss of emergency power. The primary function of the steam condensers 
is to passively cool and condense die steam from the secondary side of te reactor steam 
generators after a reactor transient with loss of aU electrical power. The steam condensers 
then feed tile condensed coolant back into die water volume at die base of die steam 
generators. Core cooling will be maintained by natural circulation of the reactor coolant 

The steam condensers could also provide core cooling during a sniaU-break loss-of-coolant 
accident of the primary coolamcircmtaccoin^ In 
addition, die passive system could assist in the normal shutdown coolwgofa reactor being 
taken off-line. 

Natural circulation steam condensers have been proposed for U.S. reactor designs such as 
the advanced Babcock & Wilcox (B&W) B-600 PWR [600 MW(e)] and for USSR reactor 
designs such as the advanced WER-1000 PWR [1000 MW(e)]. Both of these steam 
condenser designs are siniilar in coriceptaivl operation. In the B&W B-6XX) reactor, which 
is still a conceptual design, die steam condensers are an integ^ part of the concrete shield 
building that encloses the steel containment dome. For die Soviet WER-1000 reactors, 
steam condensers are being considered for bodi new plants and retrofit of older plants. 

Figure 1 shows both of die steam condenser designs described above. The main operating 
parameters for die Soviet design are shown in Table 1. A typical natural air circulation 
steam condenser consists of heat exchangers connected to the secondary side of each steam 
generator. The heat exchangers should be located above die steam generators to ensure 
natural circulation of die coolant The heat exchangers are placed widiin a duct system mat 
is designed to ensure a passive flow of air due to density differences between die heated 
and surrounding air. 

During normal reactor operations, gates limit die flow of air dirough die heat exchangers 
to prevent die undesirable loss of heat. The Soviet design holds die gates closed with 
electromagnetic latches so that during a loss of electrical power, die gates will open under 
die influence of gravity and activate die steam condensers. The resulting natural air 
circulation will remove die decay heat from die steam generators and, tfms, die reactor core. 
An active system using motors is used to return the gates to dieir closed position. 

Alternative Versions: Many variations in technology. 
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Status of Technology: The technology is currently being developed for advanced B&W 
B-600 and Soviet WERPWRs. Modeling of reactor systems usmg natural circiilation 
steam condensers has shown the effectiveness of the system to passively cool the reactor. 

Advantages: 1. Passive decay heat removal is initialed upon loss of electrical power. 
2. Steam condensers are currendy used in many industrial applications and 

are well understood. 
3. The device is passive in operation. 

Additional Requirements: Natural coolant circulation in the primary coolant loop and the 
steam condenser loop must be assured. The B-600 design addresses this issue by proper 
placement of die steam generators above die core, placeirat of fc steam condensers above 
die secondary coolant loop with its steam generators, and by inueasmg the priinary piping 
diameters. 

Comments: None 

References: 
1. "Babcock & Wilcox (B&W) B-600 Pressurized-Water Reactor", Sttluitf Alfrmiffil 

Tftriinnlnyv and IVsign for Watttr-T/wWI R«tctnr«-1 igfrt-Wan Bfflf*™* 
International Atomic Energy Agency, Vienna, IAEA-TECDOC-479, pp. 116-19, 
(1988). 

2. G. E. Kulynych and B. E. Bingham, "Advanced Light-Water Reactor Development: 
Operational Aspects of Small Commercial Reactors," Babcock & Wilcox, Trans. Am. 
Nucl. Soc., (US) 49,151, June (1985). 

3. V. I. Naletov, E. M. Damrin, G. A. Tarankov, and N. B. Trunov, "Application of 
Passive Systems in WER-1000 Design Project of Increased Safety: Part 1. Design 
principles of system for passive heat removal, construction, principle of operation, 
main technical characteristics and scope for application," presented at die International 
Atomic Energy Agency Technical Committee Meeting on Passive Safety Features in 
Current and Future Water-Cooled Reactors, Moscow, USSR, (March 21-24,1989). 

4. T. A. Brantova and N. S. Fil, "Application of Passive Systems in WER-1000 
Design Project of Increased Safety: Pan 2. Effect of the passive system for residual 
heat removal on the course of some out-of-design accidents," presented at the 
International Atomic Energy Agency Technical Committee Meeting on Passive Safety 
Features in Current and Future Water-Cooled Reactors, Moscow, USSR, 
March 21-24,1989. 

Update/Compiler: May 1989/WJR 
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TABLE 1. MAIN PARAMETERS OF THE VVER-1000 NATURAL 
CIRCULATION STEAM CONDENSERS? 

PARAMETER VALUE 
Total imnhrrom thermal power (MW) 60.0 
Minimum thennal power of one circuit (MW) 20.0 
Nominal coolant pressure (MPa) 6.3 
Nominal steam temperature at beat exchanger inlet (°Q 278.5 
Maxmnmi environmental air temperature (°C) 50.0 
Minimum environmental air temperature (°C) -40.0 
Maximum time to readi nominal power (s) 120.0 
Height of air duct measured from top of heat exchanger (m) 25.0 
Effective surface area of one heat exchanger (m2) 147.0 
Maximum air temperature at heat exchanger outlet (°Q 221.0 
Minimum air temperature at heat exchanger outlet (°Q 113.0 
Average air velocity flowing across heat exchanger tubes (m/s) 3.3 
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TITLE: COOLING PONDS 

Functional Requirements: 1.2.3 Transport Heat to Ultimate (feat Sink 

3.2 Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-wafer reactor (LWR) 
Qrganiratiftny Multiple 
Examples of Implementation: Multiple commercial power plants 

Description: The ultimate heat sink for many power plants is a cooling pond where 
evaporation of water rejects heat to the atmosphere. Cooling ponds are passive in their 
operation. Cooling ponds are used for both normal operations and as heat sinks for 
emergency cooling systems. Cooling ponds can have high resistance to external threats 
and provide a tow-temperature heat sink. 

Alternative Versions: Modified cooling ponds have been proposed as passive ultimate 
heat sinks for passive emergency core cooling and containment cooling systems for 
various LWRs. These proposals incorporate two modifications of current pond designs. 

1. The reactor is semiburied with respect to the cooling pond. This allows natural-
circulation heat transfer loops to transfer heat from reactor core to pond. For 
example, if applied to the advanced simplified boiling-water reactor (Fig. 1), steam 
from the core can be condensed in a steam isolation condensor that is cooled by 
pond water with gravity flow of primary system water back to the reactor core. 
Similarly, suppression pool water (Fig. 1) could be cooled with hot, low-density 
suppression pool water entering near the top of a heat exchanger with cooling pond 
water and cold, dense suppression pool water leaving the heat exchanger. 

2. The cooling ponds may be designed for multiple use and to withstand severe 
accidents. One example of a design is shown in Fig. 2. The cooling pond is located 
next to the reactor containment with cooling coils located near the bottom of the pool 
in a reinforced concrete box with holes in it. The bottom 9 m of the pool is filled 
with rock boulders and clean, crushed rock (no fines). The pool has at least 1 m of 
water over the top of the rock. The pool is at ground level. The pool may be lined, 
but also has a 1-m-thick clay layer below the pool. 

The water in the pool accomplishes the following: 

a. Heat is transferred by natural convection circulation of water from the hot coils 
to the rock and the surface of the pool where heat is rejected to the atmosphere. 

b. The water evaporates from the surface of the pool, removing pool heat. 

c. If the cooling coils contain radioactive material and fail, the pond water scrubs 
any aersols that are released, thus holding back release of radionuclides to the 
environment. 
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d. If die reactor containment overpiessurizes after a postulated accident the 
containment can be vented through the heat sink. The water scrubs any gases 
dm are released to die atmosphere, thus significantly reducing release of 
radionuclides to die environment. 

The rocks and boulders in die pond accomplish die following: 

a. Provide a heat sink if water levels fall below die top layer of rock (normally, 
water evaporation maintains low pool temperatures). 

b. Protects die ooling coils against extreme weadier. 

c. Protects cooling system against sabotage. In particular, rock prevents 
pumping die pool dry since time is no access to pool bottom. 

d. If u»cooungcc4kcontam radioactive material and feil^ 
gases diat are released to die atmosphere, dius preventing release of 
radionuclides to die environment. 

e. If u^reactc< containment overpressurizes after a postulated accide 
containment can be vented through die heat sink. The rock scrubs any gases 
diat are released to die atmosphere thus holding back release of radionuclides 
to die environment. This is independent of whether diere is water in die 
cooling ponds. 

The total pond provides a large heat sink diat is available in extreme accidents, such 
as diose involving fire. During a fire, thermal stratification assures hottest water on 
top of die pond, widi die coldest water and rock available as a heat sink. 

Status of Technology: Cooling ponds are a commercial technology. 

Advantages: Passive, low-temperature heat sink. 

Additional Requirements: None 

Comments: None 

References/Contacts 

1. B. Watson and C. W. Forsberg, Passive Heat Sink (PHS) for Advanced Water-
Cooled Reactor Emergency Core Cooling, Decay Heat and Containment Cooling 
Systems (in preparation), Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Update/CompilCT: CWF/April 1989 
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TITLE: WATER QUENCH POOL WITH AIR COOLER FOR 
REACTOR ACCIDENT AND DECAY HEAT SINK 

Functional Requirements: 123 Transport Heat To Ultimate Heat Sink 
3.1.2 Control Energy in Containment 

Safety Type: Passive 

Developmental Status: 2 Demonstrated 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendor (Mitsubishi) 

Examples of Implementation: None 

Description: An advanced concept for a reactor safety system heat sink is a water quench 
tank with air cooling system. Such a heat sink may be used for all reactor safety systems 
including decay heat removal, emergency core cooling, and containment cooling. It is a 
passive technology which can be used with active or passive systems. The components 
of the system, as shown in Fig. 1 are 

1. A large quench tank filled with water inside containment which acts as Jit initial 
heat sink for all other safety systems. 

2. A small, natural circulation heat transfer loop between the quench tank and the 
atmosphere outside containment which is used to cool the quench tank water. 
In a typical application, the evaporator in the quench pool would boil ammonia 
or water while cooling the quench tank water. The vapor would flow from the 
evaporator to an air cooled condenser at a higher building elevation outside 
containment The condenser would dump the heat to the atmosphere and the 
condensed liquid would flow back by gravity to the evaporator in the quench 
pool. 

The key technical characteristics of the system are 

1. A large quench tank of wa';er capable of absorbing heat at very rapid rates but 
with limited total heat capacity. This allows temporary storage of reactor 
blowdown energy after a reactor accident 

2. A natural circulation heat transfer loop with limited rate of heat dumping to the 
environment but with unlimited heat removal over time. 

The combination of these two heat sinks eliminates the weaknesses in each individual 
heat sink system. This allows for a heat sink with the capability of both rapid adsorption 
of heat early in a postulated accident and long-term heat rejection to the environment. The 
quench tank and natural circulation heat transfer loop can be sized for any size of reactor 
or set of conditions. Larger quench tanks reduce the size of the natural circulation heat 
transfer loop and vice versa. 

An example of this concept is the proposed Mitsubishi simplified, small, pressurized-
water reactor (MS series) as shown in Figs. 2 and 3. In this particular example, the 
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passive heat sink is coupled to both passive and active safety systems. The quench tank 
is a tall, annular tank around the inside of the reactor containment. The natural circulation 
heat transfer loop uses water and water vapor as the heat transfer fluid of choice. A 
secondary feature of this design is the use of the quench tank as a suppression pool to 
control containment pressure in a loss-of-coolant accident. 

In modified form, this concept has been proposed for PlUS-type reactors [see: Process 
Inherent Ultimate Safety (PIUS) Reactor and Fluidic In-Vessel Emergency Core-Cooling 
System]. 

Alternative Versions: There are several alternative design options: 

1. The natural circulation heat transfer loop can dump heat to the atmosphere or 
any body of water (ocean, lake, river, or cooling pond). Dumping heat to a 
body of water significantly reduces the cost and size of the condenser because 
of better heat transfer characteristics between condensing gases and liquids 
compared to condensing gases and air. 

2. The natural circulation heat transfer loop can be replaced with heat pipes which 
operate on somewhat similar principles. (See: Heat Pipes for Reactor 
Containment Cooling or Reactor Core Decay Heat Removal.) 

Status of Technology: Near commercial 

Advantages: The system efficiently "matches" heat removal requirements from a reactor 
core after shutiown. Decay heat loads are initially high but rapidly decrease to relatively 
low levels. 

Additional Requirements: None 

Comments: None 

References/Contacts: 

1. H. Sano, N. Nakamura, S. Usui, Y. Nakahara, and T. Arimura, "A New Passive 
Decay Heat Removal System By Using the Separated Type Heat Pipes," 
International Atomic Energy Agency Technical Committee Meeting on Passive 
S-ifcty Features in Current and Future Water-Cmlcd Reactors. Moscow, USSR 
(March 21-24, 1989). 

Update/Compiler: July 1989/CWF 
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TITLE: DECAY HEAT REMOVAL WTIH SEAWATER 

Functional Requirements: 1.2.3 Transport Heat to Ultimate Heat Sink 

Safety Type: Passive 

Developmental Status: 2 Demonstrated 

Reactor Type: Boiling-water reactor (BWR) 

Organization: Vendor (Toshiba) 

Examples of Implementation: None 

Description: This system is similar to the General Electric "water wall" and is proposed 
for use u die Toshiba TOSBWR-900Pitactor, a nature Inan 
emergency such as a pipe break or other major failure, die pool water discharge valve 
opens, flooding die lower containment with gravity-driven water from die pool above. 
Cooling of die reactor core is accomplished by natural circulation between die pressure 
vessel and die flooded containmenL The outer wall of die flooded containment is also die 
inner wall of a seawater-fuied compartment used for heat exchange. Theseawater 
compartment is connected to die sea by upper and lower cooling pipes. Decay heat is 
transf erred from die flooded containment to die seawater compaitment, where natural 
circulation of the seawater dirough die compartment provides he?.! removal. 

Alternative Versions: None 

Status of Technology: Proposed decay heat removal system for advanced Japaneese 
reactors 

Advantages: 1. No pumps or emergency generators are needed. 

2. Unlimited supply of cold water for cooling. 

Additional Requirements: None 

Comments: Compared to other heat sink alternatives, the use of seawater provides an 
unlimited cold heat sink for decay heat removal. 

References/Contacts: 
1. Y. Oka, "Research and Development of Next Generation Light-Water Reactors in 

Japan," Presented at the International Atomic Energy Agency Technical Committee 
Meeting on Passive Safety Features in Current and Future Water-Cooled Reactors, 
Moscow, USSR, March 21-24,1989. 

Update/Compiler April 1989/EBL 
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TITLE: CONDENSATION OF PRESSURIZED STEAM OR COOLING 
HOT WATER WITH BOILING WATER BATH 

Functional Requirements: Level 1-2.3 Transport Heat to Ultimate Heat Sink 

Safety Type: Passive 

Development^ Status: 2 Demonstrated 

Reactor Type: Light-water reactor (LWR) 

Onpuiizaiion: Vendor (Multiple) 

Examples of Implementation: None 

Descrhition: Several systems have been proposed to dump decay heat from the reactor 
core to an external bath of clean, nonradioactive water. Heat is removed from the water 
bam by boilLg the water. Long-term heat removal is obtained by refilling the bath with 
water or condensation of exit steam in air coolers. 

1. Boiling-Water Reactor (General Electric)- A water badi heat sink is proposed for 
use with a small, simplified BWR [600 MW(c)] with several passive safety systems 
(Fig. 1). In this concept, several safely systems dump reactor decay heat to a 
suppression pool (1,2). In turn, the suppression pool dumps heat to a refill water 
pool. The refill water pool dumps the heat to the environment by boiling of refill 
pool water. Decay heat is dumped to the suppression pool by two systems: 

• When it is necessary to isolate the reactor from the turbine, an isolation 
condenser dumps reactor decay heat to a suppression pool. Steam from die 
reactor is sent to die isolation condenser in suppression pool, is condensed to 
water, and die liquid water flows back to die reactor vessel by natural 
circulation. 

• In die event of a loss-of-coolant accident, depressurization valves vent steam 
from die reactor to a suppression pool positioned above die pressure vessel. 
When die pressure in die pressure vessel becomes sufficiently low, check 
valves in the suppression pool-pressure vessel lines open, allowing die 
suppression pool water to flow by gravity into die pressure vessel and provide 
core cooling. The reactor pressure vessel has no large pipes attached near or 
below core level, allowing die core to remain fully covered for all design basis 
events. Cooling is maintained by natural water circulation between the 
pressure vessel and die suppression pool. 

Operation of die abov- isolation condenser or emergency cooling system dumps the 
decay heat to die suppression pool and rapidly raises its temperature. The 
suppression pool dumps heat to a boiling water bath. One suppression pool wall is 
a steel annulus filled with water and vented via a refill pool to the atmosphere. 
Decay heat is transferred from the suppression pool water to die refill pool "water 
wall" and discharged to the atmosphere by die release of steam. This enables heat 
removal from die suppression pool water while die fluids remain contained. The 
fission products are retained in the suppression pool. The water volume of the refill 
pool enables cooling for tiiree days without operator action and without containment 
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venting of suppression pool water. If longer-term cooling is required, additional 
water can be supplied to the refill pool 

Pressurized-Water Reactor (Combustion Engineering, France) - A water bam 
condensor to condense decay heat steam from the steam generators during the loss 
of A.C power or during other adverse conditions is proposed for the Safe Integral 
Reactor (SIR) by Combustion Engineering (3). The option has also been studied in 
France. The water bath condensor would be adjacent to the reactor containment and 
above the level of die steam generators. In operation: (1) steam from the steam 
generators flows to the water bath, (2) the heat is rejected through a condensor 
which boils bath water and condenses steam from the steam generator, (3) die 
condensed water flows by gravity back to the steam generators. In die SIR design, 
four of die twelve steam generators can be used for decay heat removal in tfiis mode 
of operation (see: Integral PWR widi no Primary System Piping). The water bam 
is sized to remove decay heat for 72 hours by water boiloff. 

The French design (4) of a steam condensor water bath is shown in Fig. 2. The 
condenser is composed of several series of interconnected vertical steam pipes with 
a common connector across die top and bottom of each series. The connector at die 
top serves as a steam inlet, while the one at die bottom collects die condensate 
formed. The condenser is totally immersed in water. Steam enters die condenser 
tube inlet and is cooled by die transfer of heat dirough the tubes to die surrounding 
water. The condensate diat is formed runs down die inside of die tubes to die 
bottom connecter and is returned to die feed circuit for die steam generator. Since 
die cooling power of die condenser is practically proportional to die lengdi of tubes 
free of condensate, die extent of cooling can be controlled by regulating die rate of 
condensate flow back to the steam generator feed circuit. 

The boiling of water at die outer tube surfaces produces a continuous circulation of 
cooling water from die bottom to die top of die tubes. Water contacting die tubes 
begins to form steam, which decreases die density of die fluid in contact widi die 
tube walls. Consequently, die clean steam/water fluid rises rapidly along die tubes 
and is replaced by cooler, higher-density water. The clean steam exits die pool and 
contacts a grid just above die surface. The grid removes most of die water droplets 
entrained in die steam and returns diem to die cooling volume, where diey 
recirculate down die outer edges of die pool to die bottom of die cooling tubes. The 
clean steam dien passes dirough a dryer in die exit chimney and <s vented to die 
atmosphere. Water lost in die vented steam is replaced from a makeup volume. 
This design results in a very compact boiling water bath. 

Pressurized-Water Reactor (Italy) - A modified water bath heat sink is proposed as 
pan of die Multipurpose Advanced Reactor inherendy Safe (MARS) pressurized 
water reactor decay heat removal system MARS (5,6) has a passive decay heat 
removal system which is initiated on main reactor recirculation pump shutdown or 
failure due to steam in the primary system. (See: Main Recirculation Pump Failure 
Initiated Core Cooling and Shutdown Systems). In this system (Fig. 3), decay heat 
from die reactor primary circuit is transferred from die primary circuit to die water 
badi by an intermediate natural circulation heat transfer loop. The primary circuit 
coolant line to die natural circulation heat transfer loop lower heat exchanger has a 
one way valve. During normal operations, when the main reactor recirculation 
pumps are operating, die pressure balance in the primary system attempts to 
circulate water to the natural circulation heat transfer loop lower heat exchanger but 
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die one way valve prevents water flow. If the pump stops, the pressure balance in 
the primary reactor circuit changes and hoc primary water or steam by natural 
convection circulates to the natural cinailation heat transfer loop lower heat 
exchanger and dumps decay heat Stopping pump operations reverses the fluid 
flow in primary system pipes to the decay heat system. 

The natural circulation heat transfer loop dumps its heat to the water bath and the 
water bam loses heat by boiling of die water. The steam is dumped to the 
environnieptdiroughnann^ciiculatic« air coolers. The air coolers condense most 
of the steam to water which returns to die water bath. The combination of water 
badi widi air-cooled steam condenser has several advantages: 

• The air-cooled steam condensers provide an "infinite" long-term cooling 
capacity for die water bath. 

- The water bad) Hgnmrantly decreases die air-cooled steam condenser size. 
After reactor shutdown, the decay heat load is initially high but rapidly 
decreases. The water ba*iiutiaUyk>ses a fraction of'he water tiik^ 
steam when the decay heat load is high. It is capable of handling very high 
short-term heat rejection loads. The air condensers are designed to handle die 
smaller decay heat load hours after reactor shutdown. In effect, die water 
badi/air condensers can be "matched" to die changing decay heat loads with 
rime. 

Alternative Versions: None 

Status of Technology: 1. General Electric System -under active development for die 
Advanced Simplified BWR. 

2. Combustion Engineering System -under active development 
for the Safe Integral Reactor (SIR). 

3. Italian System - under active study. 

Advantages: 1. No pumps or emergency generators are needed. 

2. With all of diese systems, tfiere is no need for containment venting of 
radioactive steam. 

3. With die Italian system, decay heat removal is possible for extended 
times by condensation of steam. 

Additional Requirements: With these concepts, die ultimate heat sink is boiling water. 
Water at atmospheric pressure boUs at 100? C. For heat to be transferred from die 
condensing steam or hot water to the boiling water bath, steam condensation and hot water 
temperatures must exceed 100° C with corresponding above-atmospheric pressures. This 
implies mat pressure integrity of the coolant system or containment system is required. 
While pressure integrity is not necessary for reactor safety a prixo,»i* required for diese 
systems. 
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Comments: None 

References/Contacts: 

1. General Electric Company. Preliminary Conceptual Design Study for a Small LWR. 
EPRINP-5150M, (June 1987). 

2. "Small and Simplified BWR with Passive Safety Systems Looks Promising," 
Nuclear Engineering International. (June 1987). 

3. R. A. Matzie. J. Loneo. R. B. Bradbury. K. R. Teare. and M. R. Havns. Design of 
the Safe Integral Reactor. Combustion Engineering, TIS-8471 (1989). 

4. P. Pagan! and M. Couturier. Dispositif de condensation de vapeur d'eau sous 
pression et son applicatinn an refroMiwmwit HSm reacteurnucleaire apres un 
incident (Device for n>- C>nfrii««riYin nf Pn^iiriTgrf <?t^m and its AnoKrarinn m 
the Cooling of a Nuclear Reactor After an Incident!. French Patent 2,584,227, 
(Jan. 2,1987): ORNL/rR-89/6, (1989). 

5. Department of Energetics of La Sapienza University of Rome (Italy), Djafi; 
Multipurpose Advanced Reactor Inherendv Safe (MARS1. (July 1989). 

6. M. Caira, M.Cumo, and A. Naviglio, "MARS Reactor A Proven PWR 
Technology Combined with Advanced, Safety Requirements,*' Energia Nucleare 22 
(May/September 1987). 

Update/Compiler: October 1989/CWF 
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Table 7.1 Structures, Systems, and Components to Control Chemical 
Attack of Clad: Function 13 

Location of 
Description Title Function Description Pjg£ 

Reduction of Coolant/Clad Chemical Reactions 1.3 Chapter 7 7-3 
Under Severe Accident Conditions 

Chemical Getters to Protect Interior of Fuel Pins 1.3 Chapter 7 7-7 
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TTTLE: REDUCTION OF COOLANT/CLAD CHEMICAL REACTIONS UNDER 
SEVERE ACCIDENT CONDITIONS 

Functional Requirement: Level 1.3: Control Chemical Attack of Clad 
Level 1.2.3: Transport Heat to Ultimate Heat Sink 
Level 3.1.2: Control Energy Release m Containment 

Safety Type: Inherent/Passive 

DerclopmenttLSiatUS: 4 Analyzed 

RfamrTypr: Light-Water Reactor (LWR) 

Organization; Electric Power Research Institute 

Examples of Iniplwnpimfî !- None 

Descriprkwi: the major materials for reactor core structural applkatioiis arc several types 
of Zrcaloy and stainless steels. Bom materials have excellent mechanical properties. 
Historically, stainless steel was first used in LWR cores, but more rccendy, Zircaloy has 
replaced stainless sieel for most in-core applications. Zircaloy has better nuclear 
properties (lower neutron cross sections) than stainless steel and, hence, has lower nuclear 
fuel costs than stainless steel. Both of these materials have characteristics that make them 
excellent structural materials during normal reactor operations. 

The most important and difficult structural requirements the reactor core fete cladding 
of the uranium oxide fuel. This material is exposed to the highest temperatures and 
radiation levels of any structural materials in die reactor core. The primary fuel cladding 
material used today is Zircaloy. 

Under severe accident conditions, these materials deteriorate.1 

1. In the event of a loss-of-cooling accident (LOCA) in an LWR, the reactor core heats 
up from decay heat. Eventually, the metal fuel cladding will balloon. When 
ballooning occurs, cooling channels in the fuel assemblies may be blocked and it 
may no longer be possible to stop an accident by addition of cooling water to the 
reactor core. Furthermore, fuel clad will begin to fail. The maximum time available 
for an emergency core-cooling system (ECCS) to start operating after an LOCA 
initiation depends on how high the clad temperature can go before fuel failures. The 
higher the acceptable clad temperatures before failure, the more time available to stop 
an accident. Zircaloy begins to lose its tensile strength at ~600DG Stainless steel 
loses its strength at somewhat higher temperatures. Therefore, higher-temperature 
fuel clad materials will provide more time in an accident before a core meltdown. 

2. Zircaloy and stainless steel react with water to form metal oxides and hydrogen. 
This has multiple adverse consequences. 

a. These reactions are highly exothermic. Analysis of core melt scenarios 
indicates that during certain parts of an accident, more heat may be generated by 
these chemical reactions than from radioactive decay heat 
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b. The steam metal reaction generates hydrogen. The hydrogen creates die 
potential to pressurize die containment or create hydrogen/oxygen explosions if 
die containment is not inerted. In many accident scenarios, tins hydrogen is die 
major dueat to reactor containment integrity. 

Figure 1 shows die reaction rate2 of Zircaloy and stainless steel wim steam. Zircaloy 
reacts faster wim steam at lower temperatures, but stainless stediea<-*s faster at high 
temperatures. 

The replacement of Zircaloy dad wim better materials has die dieoretical potential for gains 
in safety and costs. Better fuel clads could reduce requirements (and hence costs) for 
ECCSs and reactor containments. 

There are two sets of options to reduce or eliminate coolant and clad cheinical interactions. 
The first set of options (passive safety) is to choose metals or metal rattags for dad tint 
do not react as rapidly wMi high-temperature steam as Zircaty^ The second set of options 
(inherent safety) is to use ceramics, which do not react widi water, as cladding materials. 
Most metals can react wim water to produce hydrogen. This does not normally happen 
because the kinetics of die cheinical reactions are very slow, For example, from a 
diermodynamic perspective, aluminum shoiu^ieact rapidly wim water or air. This does 
not occur because aluminum forms a protective oxide layer when exposed to air or water. 
In contrast, a ceramic such as aluminum oxide is uiermodynamically more stable dian 
water and, hence, cannot react widi water. 

A recent Electric Power Research Institute (EPRI) report3 reviewed possible alternative 
metal cladding materials and possible coatings for Zucaloy for LWRs. The report 
conclusions are as follows: 

1. The steam oxidation resistance of Zircak>y-clad rods may be improved by use of 
silicide, aluimnide, flame-sprayed zirconia, or zirconium-beryllide coatings." 

2. "AUoys of molybdenum and niobium exhibit improved oxidation resistance and high 
temperature strength compared to different types of Zircaloy." They are possible 
replacements for Zircaloy. 

3. There are significant economic penalties with these alternative clad materials. 

4. Large research and development efforts would be required to develop any alternative 
LWR cladding materials to a commercial status. 

The second option is to replace Zircaloy cladding with ceramic clad fuels. The long-term 
potential of such materials is great. Some known nuclear ceramic materials, such as tiiose 
used in high-temperature gas-cooled reactors (HTGRs), can survive temperatures in 
excess of 1600°C4 before onset of fuel failure. However, because current ceramics are 
difficult to fabricate and brittle, they probably cannot be used in die form of long tubes. 
The use of ceramic clad fuel may imply die need to change die fuel form - probably to 
small (<10 cm) spheres. This is a radical change in technology and core design. 
Proposals for such LWR fuel/reactor designs have been made and limited experimental 
work has been done, (see SSC: High-Temperature Ceramics, Clads, and Fuels for 
LWRs. 
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Alternative Versions: None 

Status of Technology: Limited theoretical and experimental studies have been conducted 
to identify and develop new fuel cladding materials for LWRs. 

Advantages: Reduction or elimination of chemical interactions between clad and coolant 
offers me potential for major gains in economics and safety. These include 
die following: 

(1) Higher temperature clad materials allow use of ECCSs with slower 
response time after initiation of an accident This may be a safety 
and cost advantage. 

(2) Elimination of hydrogen generation from clad/coolant interactions in 
a serious accident reduces potential for reactor containment failure 
due to overpressure or a hydrogen/air explosion. 

(3) Elimination of hydrogen generation from clad/coolant interactions in 
a serious accident may reduce containment design requirements and, 
therefore, costs. 

Additional Requirement*: None 

Co/nments: Development of a new clad material for LWR fuel would require a major, 
long-term program. There are major economic issues associated with 
rlrernative metal clad materials. Most alternative materials imply high 
lettron absorption loses to clad with the need for more expensive, more 
earthed uranium. No detailed studies exist that quantify the benefits if a 
m ich higher-temperature, less chemically reactive fuel clad could be 
developed. From a research perspective, the incentives for better clad 
materials needs to be quantified. 

References/Contacts: 

1. H. Ocken, "An Improved Evaluation Model for Zircaloy Oxidation," Nucl. 
fccJujflL 42,343 (Feb. 1980). 

2. H. C. Brassfield, J. F. White, L. Sjodahl, and J. T. Brittel, Recommended 
Property and Reaction Kinetics Data for Use in Evaluating A Light-Water-Conled 
Reactor Loss-of-Coolant Incident Involving Zircalov-4 or 304SS-Clad UQv,. 
CEMP-482, April, 1968. 

3. L. Goldstein, G. Reyes, and A. A. Strasser, Evaluation of Fuel-Cladding 
Prope ^ ?.! High Temperatures. EPRINP-5427, April, 1988. 

4. W. Katscher, "Coated Panicle Fuel Element For Pressurized-Water Reactors," 
Nucl. Techno!.. 3J, 557 (Sept. 1977). 

Update/Compiler: Dec. 1988/CWF 
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Fig. 1. Reaction rates of type 304 stainless steel and zircaloy-4 in steam. 
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TITLE: CHEMICAL GETTERS TO PROTECT INTERIOR OF FUEL PINS 

Functional Requirements: 1.3 Control Chemical Attack of Clad 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Rf^ctprTvpe: Light-water reactor (LWR) 

Orpir»iratiftn«- Vendors (Multiple) 

Examples of Implementation: None 

Description: In a nuclear reactor, fissk» products prob\icedu die fuel elem 
inanities from fuel fiAricati^ To 
protect against corrosion, getters can be used to react with tte fission pioduct or other 
impurity responsible for the corrosion. For example, fission-produced iodine can corrode 
the zirconium oxide normally present on aicatoynjel cladding and teact with te tree 
zircaloy underneath. Since the oxygen partial pressure in a fuel rod is probably extremely 
low, not enough oxygen is present to heal me corroded zirconium oxide. 

The chemical getter, e.g., copper oxide or nickel oxide, can be fabricated in various 
shapes and attached to the fuel rod by several different means. In die example shown in 
Fig. 1, pellets of the getter are located at die top of die fuel rod. The fuel rod has a central 
channel and an outside channel rial cccamunjcaie wim each o&er via transverse passages. 
Due to the temperature differences inside the fuel iod, fission produa gases cmndate up 
the central channel, through die getter pellets, and back down through die outer channel. 
In tins example, die copper oxide or nickel oxide getter wocM remove iodine from die gas 
stream and release oxygen to help heal any corroded zirconium oxide in die cladding. 

Alternative Versions: Chemical getters can be used for control of impurities, such as 
moisture, from inanufacturing. 

Status of Technology Comnieicial technology in Boiling-Water Reactor fuel fabrication 
for hydrogen control. Proposed but not demonstrated for control of odier elements. 

Advantages: Fuel rod corrosion is prevented by passive means. 

Additional Requirements: None 

Comments: None 

References/Contacts: 

1. J. S. Amnio, Fuel Rod for Nuclear Reactors. Swedish Patent Application No. 
8300424-2, (August 1983): ORNL/OLS-89/6, (1989). 

2. S. Junkrans and G. Vesterlund, Fuel Rod for Nuclear Reactor. Swedish Patent No. 
7501252-6, (April 1978): ORNI/TR-89/16, (1989). 
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3. Japanese Patent No. 63-275989, English abstract (No Translation Available) 

iTprtaw-jrnmpiw- May 1989/EBL 
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Fig. 1. Design of fuel rod using getters to prevent corrosion. 
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Table 8.1 Structures, Systems ari Components to Maintain Coolant 
Boundary Integrity: Function 2.1 

Location cf 
Description Title Function Description East 

Double Pressure Vessel 2.1 Chapter 8 8-3 
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TITLE: DOUBLE PRESSURE VESSEL 

Functional Requirement: Level 2.1 Maintain Coolant Boundary Integrity 

Level 1.2.1 Maintain Core Coolant Boundary Integrity 

Safety Type: Passive 

Development Status: 4 Analyzed 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: University [University of Rome (Italy)] 

Examples of Implementation: None 
Description: A major type of postulated accident for LWRs is failure of the primary 
sysrem pressure boundary such as a pipe break. One proposed solution is a double 
pressure boundary where the primary system is inside a secondary pressure boundary 
(Fig. 1). The key design characteristics of this system include the following: 

• The primary system is designed to handle full system pressure. 

• The secondary pressure boundary is designed to handle full reactor system pressure 
and normally operates at primary system pressure. 

• The space between the primary anu secondary pressure boundaries is filled with 
pressurized water at 70°C. The exterior of the primary pressure boundary is 
insulated to minimize heat losses to the cool water. 

During normal operations, the primary pressure boundary for this system is under near-
zero strain since the inside and outside pressures are approximately equal. A leak in die 
primary system would be identified by trace radioactivity in the cooler water outside the 
primary system. 

The secondary pressure boundary is at full reactor system pressure. If a failure occurs, 
only cold water exits die secondary pressure boundary with no release of steam and no. 
large energy release from depressurization of die cool water. The primary pressure 
boundary men takes over the function of maintaining coolant boundary integrity. 

Alternate Versions: Bom steel and prestrcssed concrete are options for die secondary 
pressure boundary. 

Status of Technology: This option is currently being investigated at the University of 
Rome (Italy). 

Advantages: 1. Passive double pressure boundary to protect against single pressure 
boundary failure. 

2. Cold water zone between two pressure boundaries implies low energy 
release to containment after a postulated pressure boundary failure. 
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3. Secondary pressure boundary with cold water results in very low 
radiation levels near the reactor inside containment during normal 
operations. The water acts as a shield. 

Additional Requirements: None 

Commenis: The double pressure vessel is one component of a PWR reactor concept 
called me Multipurpose Advanced Reactor Inherently Safe (MARS). 

References: 
1. Department of Energetics of La Sapienza University of Rome (ItalyY. Multipurpose 

^ipwinr^ Hfflnnnr Inhmwtly Safe. Draft (July 1989). 

2. M.Giii^M.Cunio, ami A, Naviglk), "MARS Reactor A Proven PWR 
Technoto^ Combined with Advanced. Safety R^ommmenti." Eneryia Wncleare 23 
(May/September 1987). 

Updaie/Txirnpifcr: October 19R9/CWF 
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Fig. 1. Double pressure vessel system for pressurized water reactor. 
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Table 9.1 Structures, Systems and Components to Cbnmol Primary 
Ciicuit Pressure: Function 12, 

Fimrflinq 
Location of 
Description J2£t£Up1iw title Fimrflinq 
Location of 
Description Ease 

In Reactor Core Power Fuses 2.2 Chapters 5-49 

Safety and Relief Valves 2.2 Chapter 9 9-3 

Continuous/Simultaneous Pump Pressurizer 2.2 Chapter 9 9-7 

Passive Pressurizer Spray 2.2 Chapter 9 9-10 
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TITLE: SAFETY AND RELIEF VALVES 

Functional Requirements: Level 2.2 Control Primary Oram Pressure 

Safety Type: Passive 

DCYCtopmcntaLSatus: 1 Commercial 

Reactor Type: Light- water reactor (LWR) 

QnjamzaikMi: Multiple 

Examples of Implemeniatinn: Pressuriztd-Waier Reactors (PWRs)- Main sieam pressure 
relief, pressurizer, pressurizer relief tank, surge tank, feedwater systems for turbines, 
various high pressure gas storage tanks, etc 

Boiling-Water Reactors (BWRs) - Reactor vessel and main steam lines (code safety), 
turbine related steam systems, storage tanks, etc 

Description: The ASME Boiler and Pressure Vessel Code requires that all pressure vessels 
be piovkled with a means cfoverpiessure protection. In nuclear and chemical plants, 
safety and relief valves are frequently used to satisfy diis safety requirement Safety valves 
(Kg. 1) are spring loaded, actuated by pressure, and usually intended for gas or vapor. 
They are designed to be fart-acting, "popping" open when over pressure conditions exist 
and, except for rapture disks, reseating after the pressure diops below limits. Relief valves 
(Fig. 2) may also be spring loaded and operated by pressure, but are usually used for 
liquids and have a more modulated actuating response to overpressure. The nuclear 
industry commonly uses versions of both valves in liquid or vapor systems. 

Code safety valves are proven performers in large volume applicatictuta die mxdear industry. 
In PWRs, die pressurizer and each steam generator uses multiple safety valves in a parallel 
configuration where tiiey are sized to handle die steam load under aU plausible accident 
conditions. (The non-power operated relief valves are used in only smaller plant applications 
and a code design does not exist for relief valves.) In BWRs, code safety valves are used 
directly on die reactor vessel and main steam lines. The safety valves used in LWRs are very 
reliable in actuation, bin arc known to experience occasional problems in fully reseating. 

All ASME Code safety and relief valves are required to be of die direct, spring-loaded type. 
Pilot-operated valves on pressure vessels mutt be pressure actuated and main pressure 
relief valves must open automatically at no more dun dieir set pressure, discharging full 
rated capacity even if part of die pilot should fail. In brief, the code also requires that the 
disk and seat be of nonconosive materials and diat die seat be securely fastened so diat it 
cannot be lifted by die valve disk. The full discharge capacity cannot be Ion by the failure 
of any valve component The code also restricts die type of valves (no weight or lever 
types) to ensure diat it cannot be easily tampered widi by operators. The Code-required 
actuation tolerances of safety valves are as follows: 

1. Between 71 and 300 psi, ±3% 

2. Between 301 and 1000 psi, ±10 psi 

3. Over 1000 psi, ±1% 
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Safety valves include a class of noorcclosing-typc protection such as tliat provided by 
fusible plugs, rupture disks, and breaking pin devices. Rupture disks utilize pressure-relief 
rupture diaphragms or membranes of lneoil or olher sheet inaterialn^ buret when Ae 
pressure reaches the set-to-operate or bursting pressure. Rupture disks arc high-reliability, 
nonreclosing pressure safety devices that, in conventional usage^ are generally the final 
level of protection when all else fails. 

Rupture disks are often used in series with relief valves, providrngpiotectioo to the relief 
valves when concave liquids or gases are involved (Fig. 3). In ihis type of application, 
the ASME Code requires that die space between the relief valve and the disk be monitored 
by a suitable indicator to show whether die disk 
backpressure in this area may prevent the ruptiire of the disk at its design pressure. When 
used alone, the disk exhibits the foUowmg features: (1) leak tightness, (2) low cost, 
(t) if~/ mainiwianw>, (A) fixed getting, (5) ranreclosmg (but readily replaceable), and 
(6) disposable. Rupture disks are available in a wide variety of inaierials, sizes, shapes, 
rupoire pressures, tnleraiiccs. arid ma^ 
materials are aluminum, sUve», «uckel-200t rnonel-400, inconel-600, and 316 stainless 
steel. Larger rupture disks may be prebulged and are generally iristau^ m a safety head in 
which the disk is secured by several bolts. 

Rupture disks are available for a wide range of temperatures and pressures. While the 
maximum T T f 1 y i m f P ' V d «M«pwatm»>« nf aiiimjnmn and silver disks are 2SQPF. mconeW 
600 and 316 stainless steel are suitable up to 900°F Special materials such as platinum are 
used at even higher temperatures. Rupture pressures range from a few psig to 3,000 psig 
and higher, with the expected rupture tolerance between -5 and+5% (for rupture pressures 
above 15 psig). 

The reliability of rupture disks is excellent and out-of-srje^caum ruptures due to 
mishandling, poor installation, aging, and corrosion are in the safe direction (i.e., at 
pressures below the set-to-operate pressure). Material selection criteria should include 
considerations of creep, fatigue, and corrosion as well as those operating conditions 
contributing to each (e.g., temperature, pressure, pulsating or fluctuating service, and 
chemical reactivity). Material fatigue can be reduced through the use of thicker disks and 
certain disk shapes. Scheduled inspections and/or maintenance can bepeiformedto 
increase rupture disk reliability and burst accuracy if necessary. 

Alternative Versions: Rupture disks can be advantageously used in conjunction with safety 
and relief valves. For instance, die use of a relief valve in parallel with the rupture disk can 
provide a smooth, carefully modulated response to overpressure, preserve the disk, and 
provide automatic reselling. When the relief-valve set pressure is 5 to 10 % below that of 
the rupture disk, the disk serves in a backup capacity in case of relief valve failure. 
Rupture disks, in series with and on the inlet side of safety and relief valves, can improve 
their reliability by isolating them from corrosive substances prior to rupture. Rupture disks 
may also be used on the outlet side of safety valves to prevent leakage of the system 
through the safety valve and to protect the valves from corrosion due to exposure to 
atmosphere or other corrosive outlet environments. 

Status of Technology: Safety and relief valves have been widely used in industry for 
decades. The chemical and nuclear industries are predominant users of each. 
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Advantages: 1. Safety and relief valves are actuated by pressure and are simple, 
reliable valves. 

2. The full-actuation response of safety valves to impinging overpressure 
is instantaneous. 

3. Relief valves can provide gradual pressure relief, as required, below 
the set pressures of safety valves. 

4. Rupture disks cannot fail to operate beyond their burst pressure. 

5. Rupture disks have no moving parts except for fragments of disk after 
failure. 

6. Rupture disks boast low cost and low maintenance. 

7. The leak tightness of a rupture disk is excellent (exceeding that of 
metal-seated safety and relief valves). 

Additional Reqiiirernents: None 

Comments: None 

References/Contacts: 

1. L. R. Harris, "Select the Right Rupture Disk," Hydrocarbon Processing. £2, (S) 
(May 1983). 

2. Anthony L. Kohan, Pressun* Vessel Systems. McGraw Hill Book Company, 
New York (1987). 

3. "Hydraulic Pressure and Flow Valves," Machine Design. 5£, (22) 
(September 27,1984). 

4. E.R. Cunningham, "Keeping Fluid Handling Systems Safe with Overprescu!* 
Protection." Plant Engineering (February 14,1985). 

Update/Compiler: April 1989/kHS and GAM 
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Figure 1 Safety Valve Figure 2 Adjustable Relief Valve 

Fig. 1. Rupture disk used in series with and in parallel with relief valve. 
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TITLE: CONTINUOUS/SIMULTANEOUS PUMP PRESSURIZER 

Functional Requirement: Level 2.2: Control Primary Circuit Pressure 

Level 12S. Maintain Core Coolant Makeup 

Safety Type: Passive (See Comments) 

Developmental Status: 5 Concept 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: University (Pennsylvania State University) 

Examples of Implementation: None 
Description: A continuous pump pressurizer (CPP) could be used to control the primary 
coolant system pressure and water inventory. The CPP would replace the more 
conventional vapor pressurizer and associated relief valve found in existing PWR primary 
coolant systems. 

A continuous pump pressurizer system^-4) consists of a centrifugal injection pump, an 
atmospheric water tank, a regenerative heater, and a letdown system as shown in figure 1. 
This particular design is proposed for the Pennsylvania State University 600 MWe Light 
Water Ultra-Safe Plant Concept1 The in-containment water tank contains approximately 
1.2 million pounds of 140° F water at atmospheric pressure. The passive tank cooler is 
used to maintain this temperature during operation. The water tank is connected to the 
primary coolant system through an injection pump and a modified letdown system. The 
regenerative heater is used to cool the water flowing from the hot leg of the reactor into the 
atmospheric tank and to warm the water flowing out of die atmospheric tank to the cold leg 
of the primary coolant system. 

During steady-state reactor operation, the injection flow into die cold leg of the reactor and 
the letdown flow from the hot leg of the reactor are equal, with a 150 gpm flow rate. A 450 
gpm flow rate returns to the atmospheric tank through the isolation valve so that the full rated 
injection pump flow is 600 gpm. During pressure transients, the primary coolant system 
pressure and coolant inventory are stabilized by the combined effects of the injector pump 
and the letdown system flow rates. A primary system pressure increase will cause the 
centrifugal injector pump flow rate to decrease and simultaneously cause the letdown flow 
rate to increase and therefore pressure stabilization is achieved. Alternately, a primary system 
pressure decrease will cause the pump flow rate to increase and the letdown flow to decrease 
and pressure stabilization will again be achieved. These flow characteristics of the pump and 
letdown system are passive in nature and require no external controlling mechanisms. 

The injector pump bypass system is needed to prevent the conventional centrifugal pump 
from overheating during low-flow or no-flow conditions. A new type of centrifugal pump, 
the Cool Pump5 may offer a simpler alternative for the design of this pressurizer system. 
The Cool Pump is designed with two parallel impellers with mismatched hydraulic 
characteristics so that during normal operation the pump functions similar to a conventional 
pump buiouring low-flow or no-flow conditions the Cool Pump will redirect the flow back 
to the atmospheric tank. This design eliminates isolation valves and may be more efficient. 
This technology is in an earlier state of development. 
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Alternative Version: A antrihigal pump is c^en to flow through the Dunq> even if the 
pump is not operating. Placement of the atmospheric tank above the primary coolant 
system ensures gravity flow of die water to the core after a primary system depressurization 
whether by operator action or primary system pipe break. In effect, a gravity flow 
emergency core cooling system (ECCS) exists widwut mechanical block valves. The 
pump acts as afluidic (block) valve requiring power to remain closed but opening upon die 
loss of power. If a major coolant pipe breaks and die system depressurizes, cookng water 
is provided to die reactor core passively. 

Status of Technology: Some preliminary modelling of die CPP has been done. There are 
significant uncertainties. The use of CPP as a gravity flow ECCS system has not been 
investigated. 

Advantages: 1. Controls primary circuit pressure and inventory during a pressure 
transient 

2. Possible passive gravity flow ECCS. 

Additional Requirements: None 

Comments: This system allows die reactor to depressurize in a controlled manor widiout 
active components and allows for gravity flow of water into die core after 
depressurization. The "active" components are needed for operation but not 
safety. 

References: 

1. E. Klevans, M. A. Schultz, G. Robinson, A. Baratta, E. S. Kenny, M. Edlund, 
I. McMaster, R. M. Edwards, J. Borkowski, J. Helsel, R. Schaffer, T. Schearer, 
K. Smith, L. Wang, and J. Zardas, "The Pennsylvania State University Light-Water 
Ultra-Safe Plant Concept: Final Report," Pennsylvania State University Department of 
Nuclear Engineering (May 25,1989). 

2. E. Klevans, M. A. Schultz, G. Robinson, A. Baratta, M. Edlund, I. McMaster, R. M. 
Edwards, J. Borkowski, K. Smidi, R. Schaffer, "The Pennsylvania State University 
Light Water Ultra-Safe Plant Concept: First Annual Report," Pennsylvania State 
University Department of Nuclear Engineering, October 19,1987. 

3. M. A. Schultz, "Waste Handling and Drainage System for a Light Water Ultra-Safe 
Plant Concept (Addendum to Annual Report)," Pennsylvania State University 
Department of Nuclear Engineering, October 19,1987. 

4. Milton Edlund, "Mechanical Spectral Shift Reactor for a Light Water Ultra-Safe Plant 
Concept," Pennsylvania State University Department of Nuclear Engineering, 
October 19,1987. 

5. S. C. Chang, J. H. Kim, "Cool Pump: A New Centrifugal Pump," Presented at tf»e 
Second International Symposium on Transport Phenomena, Dynamics, and Design of 
Rotating Machinery, Hawaii, April 3-6, 1988. 

Update/Compiler: May 1989/WJR. 
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Fig. 1. Continuous pump pressurizer system. 
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TITLE: PASSIVE PRESSURIZER SPRAY 

Functional Requirements: Level 22 Control Primary Circuit Pressure 

Safety Type: Passive 

Developmental Status: 2 Demonstrated 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: Vendor (Combustion Engineering) 

Examples of Implementation: None 

Description: PWRs have pressurizers to control reactor pressure. The conventional 
pressurizer is a tarikcoiinected to u« primary systeir^ 
with steam and the bottom half filled with primary-system water in contact with the rest of 
the primary system. If it is desired to increase the system pressure, electric heaters heat 
the water in die pressurizer and create additional steam. This increases the pressure. The 
pressurizer water in contact with die steam volume is at the boiling point, but the water at 
the bottom of the pressurizer is at the primary-system temperature, which is much lower. 
To decrease system pressures, colder water from die primary circuit is injected into the 
steam volume in die pressurizer (which condenses some of the steam). 

Following decreased-heat-removal events in a PWR (e.g., loss of flow, loss of feedwater, 
loss of condenser vacuum, and feedwater line breaks), the increase in primary circuit 
pressure from thermal expansion of water in PWRs is reduced by pressurizer sprays. In 
conventional plants, the spray flow requires pumps. If the reactor coolant pumps (RCPs) 
are operating, the spray flow is driven by the pressure difference from die RCP discharge 
to the pressurizer. If they are not operating, a pump such as the charging pump is 
required to provide spray flow. 

The use of fluidic diodes, a type of one-way valve with no moving parts, provides a 
passive means of supplying spray flow (see: Fluidic Diodes). The proposed Combustion 
Engineering Safe Integral Reactor (SIR) uses fluidic diodes to provide a passive internal 
spray system to limit reactor pressure under normal and accident conditions (Fig. 1). The 
SIR pressurizer is within the upper head of die reactor vessel (R V). The upper head 
coolant is separated from the primary circuit coolant in die lower RV by a steel plate. 
Penetrations in the plate include die fluidic diodes, control-rod shrouds, and pipes to spray 
headers. The fluidic diodes are equivalent to the surge line on conventional PWRs. 

If the reactor pressure is too low, the fluidic diodes allow water to leave the pressurizer 
quickly as more steam is created by the pressurizer heaters. If the primary circuit water 
level is low, the fluidic diode allows drainage of water from the pressurizer to the reactor 
core. 

If the reactor begins to overpressurize, the cooler primary circuit water (295 to 318°C) 
enters the pressurizer via the pressurizer spray and control-rod guide tubes. This cooler 
water is sprayed into the steam, condenses some of the steam, and lowers the pressure. 
During normal operations, the steam temperature is (~360°C), corresponding to a 
saturation pressure of 15.5 MPa (155 bar). The fluidic diode prevents large flows of 
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water into the bottom of die pressurizer where liquid water is located and forces incoming 
water into the prcssurizer spray lines and spray nozzles. In short, water only enters die 
pressunzer via spray nozzles into die steam volume and only leaves by die fluidic diodes 
at die bottom of die pressurizer where die coldest liquid water is located. A passive 
pressure control system is created. 

Alternative Ycisifias: None 
Status of Technology: SIR conceptual design completed 

Advantages: Passive pressurizer spray, which provides passive protection against over
pressure conditions. 

Comments: None 

References: 

1. R. A. Matzie, J. Longo, Jr., R. B. Bradbury, K. R. Teare, and M. R. Hayns, 
Design of the Safe Integral Reactor. Combustion Engineering, TIS-8471 (1989). 

Update/Compiler: October 1989/CWF 
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10. STRUCTURES, SYSTEMS, AND COMPONENTS TO ISOLATE PRIMARY 
CIRCUIT FROM BALANCE OF PLANT 

No passive devices were identified to isolate die primary circuit fiom the balance of 
plant. Tti» Ka<«» f .nvtinn«l mqimnwwwut i« i«nlatinn nf ihf. ratfrlfl£tiYl«¥ **** ^J *"» ™ * « 

primary circuit; however, in practice, tins usually implies isolation of the fluids in die 
primary circuit containing die radionuclides. In current reactors, diis task is accomplished 
by: (l)seiisondin)ughoutdte plant (2) a control system drt 
primary system should be isolated, and (3) mechanical dosure of UK primary drcirit 
isolation valves. 

From one perspective, die steam generator in a PWR isolates die primary system 
from die balance of die plant However, utere are outer systems diat bypass tiiisiso)' Jon, 
including water cleanup systems and pressure relief valve systems. 

The difficulty of identifying passive devices for diis functional ieo^nrement reflects, 
in part, a distinction between systems designed to prevent core damage (Function 1: 
Maintain Core Integrity) and tiiose designed to mitigate accident consequences (Function 2: 
Control Transport from Primary Circuit and Function 3: Control Transport from 
Containment). To prevent core damage, dierc are a single set of conditions diat define die 
safest state (core shutdown at cold temperatures). Many passive ways exist to ensure this 
condition if die reactor core is direatened. In accident mitigation, die preferred safe 
conditions for most (but not all) postulated accident situations can be defined and remain 
unchanged widi time. The exceptions can impose constraints on die type of systems for 
accident mitigation. For example, it is desired to depressurize die reactor in certain 
accidents to maintain primary system integrity, but depressurization is a controlled form of 
temporarily eliminating isolation of die primary circuit from die containment In effect, die 
preferred action by die process isolation system depends not only on local conditions, but 
on conditions elsewhere in die reactor. The safe direction for action may change witii time. 

The above problem is difficult to address at die level of passive structures, systems, 
and components. It can be addressed at a higher level in terms of total plant design with 
die use of passive devices to avoid situations in accident mitigation where the preferred 
action depends on conditions tiuoughout die plant diat vary with time. 
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Table 10.1 Structures, Systems and Components to Isolate Primary Circuit 
From Balance of Process: Function 2 3 

None Found 
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Table 11.1 Structures, Systems and Components to Maintain 
Containment Boundary Integrity: Function 3.1 

Description TUk 

Water Quench Pool with Air Cooler for Reactor 
Accident and Decay Heat Sink 

Reduction of Coolant/Clad Chemical Reactions 
Under Severe Accident Conditions 

Reactor Containment Buildings 

Self-Sealing Ice Containment Structure 

Filtered, Vented Containment 

Vacuum Containment 

Passive Hard Vacuum Containment System 

Containment Pressure Control-Suppression Pool 
and Bubbler Condensers 

Steam Condensation and Vacuum Creation by 
Suppression Pools 

Water Coolable Core Catcher 

Containment Pressure Control by Pressure Activated 
Water Sprinklers 

Temperature Activated Water Sprinklers for Steam 
Condensation and Accident Mitigation 

Containment Pressure Control: Ice Condensers 

Containment Cooling with Existing and Augmented 
Heat Capacity of Containment 

Heat Pipes for Reactor Containment Cooling or 
Reactor Core Decay Heat Removal 

High Heat Conductivity Reactor Containment for 
Containment Cooling 

In-Containment Post-Accident Water Collection 

Function 
Location of 
Description Page 

3.1.2 Chapter 6 6-79 

3.1.2 Chapter 7 7-3 

3.1.1 Chapter 11 11-3 

3.1.1 Chapter 11 11-11 

3.1 Chapter 11 11-14 

3.1.2 Chapter 11 11-19 

3.1.2 Chapter 11 11-24 

3.1.2 Chapter 11 11-29 

3.1.2 Chapter 1 

3.1.2 

3.1.2 

Chapter 1 

Chapter 1 

3.1.2 Chapter 1 

3.1.2 Chapter 11 

3.1.2 Chapter 11 

3.1.2 Chapter 11 

3.1.2 Chapter 11 

3.1.2 Chapter 12 
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TITLE: REACTOR CONTAINMENT BUILDINGS 

Functional Requirements: 3.1.1 Effect Containment Isolation 

Control Radiation from Materials/Equipment in Storage 

Safety type: Passive (See Comments) 

Developmental Status: 1 Commercial 

OyamTarinn- Vendor (Multiple) 
Rpr l rT TYPf Light-water reactor (LWR) 

EwmqiV* of Implementation: U.S. bomng-water reactors (BWRs) use the "pre-MARKT 
and MARK LIL and HI containment designs, while pressurized-water reactors (PWRs) 
primarily use the large, dry containment designs. (PWRs also use the ice condenser and 
subatmospheric designs.) 

Descnprion: Containments are me structure that houses die ieactor system, protects the 
reactor system against external environmental cc«ditions (tornadoes, etc.), and protects the 
envromnentagaiiistpostidaiedreactw Nuclear structures must be designed to 
sustain various stress loading scenarios that rmy be expected to occur m accidents during 
the lifetime of the plant Containments are designed to withstand single or multiple static 
and dynamic loads, which are caused by accidental and environmental conditions. 
Containments must be able to retain internal pressures diatccwld result frco the rapid 
vaporization of the coolant (with accompanying fission products and hazardous gases) 
during the maximum credible accident 

The containment cannot be viewed simply as a tough, oversized pressure vessel and then 
designed in a conventional manner. It is a structure that may be subjected to various 
random, undefined loads of undefined duration. For instance, an eardiquake may represent 
a load with statistical variations for time, intensity, or duration; therefore, the containment 
structural resistance and related secondary failures cannc< be accurately determined tecause 
the containment materials themselves exhibit a statistical variation in properties. Such 
uncertainties have required a probabilistic approach and hardware verification efforts such 
as pressure-to-faj'ure testing of reduced-in-scale containments in the Nuclear Regulatory 
Commission (NRQ Containment Integrity Program.1 

The design of LWRs built in the U.S. vary by type of reactor (BWR or PWR) and by 
containment shell liner and reinforcement type (e.g., full steel, rebar reinforced, and post 
tensioned). The number of each type of containment constructed in U.S. plants is 
summarized in Table 1. 

The four basic structural features of the conventionally reinforced concrete containment are 
the reactor sump, the base mat, the cylinder, and the dome. The containment receives its 
strength in tension from the heavy use of high-strength rebar embedded in the walls, dome, 
and base. A steel liner on the inside surface of the concrete serves primarily as a gas-tight 
barrier. Although the liner must transmit pressure loads to the concrete, it is not relied on 
as a structural member. 
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The prestressed concrete containment shown in Fig. 1 makes use of post-tensioning 
tendons embedded in die containment shell to provide design pressures as high as 60 psig. 
The cylindrical portion of die containment is prestressed by horizontal and vertical tendons. 
The dome portion uses a three-way post-tensioning system where three groups of tendons 
are anchored at the vertical face of the dome ring girder. The structure is lined with 1/4-in. 
welded steel plate for a vapor barrier. In the prestressed containment, sufficient post-
tensioning is used on the cylinder and dome to more than balance the internal r ressure so 
that a margin exists beyond that required to resist the design accident pressure load. In 
BWRs, prestressed concrete may only be used in die walls of die drywell, which is a 
smaller structure fully enclosed by die containment building walls. These designs are, of 
course, based on die fact that concrete is strong in compression and weak in tension. 

The full steel containments shown in Fig. 2 make use of a large pressure vessel with a 
typically torospherical or ellipsoidal steel shell bottom, cylindrical walls, and hemispherical 
dome. The design makes use of well-developed steel pressure vessel design codes and a 
double containment leakage concept where die steel containment is surrounded by a 
controlled volume annulus. The freestanding containment vessel has no structural links to 
die concrete containment building and is separated from it by a narrow annular space, 
except at die bottom where die shell sits on a concrete fill slab which, in turn, rests on die 
structural slab. Other major containment components are die concrete cylindrical walls and 
die elliptical or torospherical dome. 

PWR containments utilize die reinforced, prestressed, and/or all-steel designs described 
above. They are of three basic designs (See Fig. 3): large dry; ice condenser (See: 
Containment Pressure Control: Ice Condensers); or subatmospheric (See Vacuum 
Containment). The large dry containments are by far the most common (78% of all 
PWRs), utilizing their large volume tc limit die pressure developed during a loss-of-coolant 
accident (LOCA) blowdown. In contrast, die ice condenser containment is constructed so 
that steam produced by die primary coolant system blowdown after an LOCA is directed 
through an ice condenser to cool and condense it and thus limit die maximum containment 
pressure. The advantage of the ice condenser containment over the large, dry containment 
is tiiat by limiting die energy released to die containment, die containment may be -50% 
smaller. 

BWR containments feature special systems such as drywells in die primary containment 
and pressure suppression chambers (See Fig. 4) or "suppression pools" (See: 
Containment Pressure Control-Suppression Pool and Bubbler Condenser). The drywell 
encloses die reactor vessel and, when sealed, acts as die first containment barrier. It is tied 
to a suppression pool via a connection vent system. The suppression pool stores a large 
volume of water and, in die event of an LOCA, condenses the blowdown steam that is 
channeled through it. In the MARK I design, the pool is in the shape of a torus encircling 
die bottom of the drywell; in die MARK II, it is located direcdy below die drywell in die 
same structure; and in the MARK III, it located in the bottom of die dry containment along 
die outer containment building wall. The secondary containment in BWRs is die 
containment concrete shield building, which is not unlike diose used in PWRs. Each of the 
MARK containments is an update of a previous version and thus die MARK I is unlikely to 
see use in future plant designs. 

Alternative Versions: New, alternate designs worth noting include the vented annulus 
containment and the large, passive containment. The Germans have developed 
"overdimensioned" containments similar to die steel design in that diere is a large reactor 
containment shell and an cuter reinforced concrete shell (1.8-m chick). The concrete 
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structure contain multiple compartments to house ESF and major primary and secondary 
components. The detached steel shell is constructed of 15 MnNi 63, is 56 m in diameter, 
has a 38 mm wall thickness, anl is designed for 6.3 bar at 145°C. Although it has always 
been assumed that leakage would occur in this type of reactor containment at 8.5 bar, 
competent experts in the German nuclear industry today believe that the release would be at 
> 14 bar.2 The annulus between the containment shell and concrete is vented through 
particulate air and iodine filters for deposition of radioiodine and radioactive particles in 
accidents. The venting, in combination with the large-volume reactor containment, shows 
promise in reducing the source terms in core meltdown accidents. 

Status of Technolapv: Used in all LWRs in the United States 

Advantage?.. 1. Containment buildings arc passive (except for isolation of penetrations) 
and highly reliable in their design limits. 

2. Provide vapor containment at high pressures (See Comments) and 
shielding. 

3. Provide a passive high level of protection to the reactor system from 
external events such as earthquakes, high winds, and tornadoes. 

Additional Rcqnireraents: None 

Comments: Containment buildings are passive; but, to fully isolate the reactor system from 
the environment, various isolation systems (such as valves in process lines through the 
containment building) must also work. These systems usually contain active components. 
Some containments may also require other active systems to avoid excessive temperatures 
or pressures which could threaten containment integrity. The large volume and other 
characteristics of a containment building would significantly limit releases in a postulated 
accident even with die loss of isolation by providing holdup time after an accident for 
various mechanisms to trap radionuclides inside containment (See function 3.2: Trap 
Radionuclides). 

Merentts/Cooiaas: 
1. T. E. Blejwas, W. A. von Rie&emann, et al„ "The NRC Containment 

Integrity Program," Structural Mechanics in Reactor Technology. 
Transactions from the International Association for Structural Mechanics in 
Reactor Technology, I (August 1983). 

2. W. K. E. Braun, K. Hassmann, et al., "The Reactor Containment of 
Standard-Design German Pressurized-Water Reactors," Nucl. Technol.. 22 
(Marcn 1986). 
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Table 1. U.S. pressurized-water reactors (PWRs) and 
boiling-water reactors (BWRs)a 

Post 
Sled Reinforced Tensioned Total 

PWPs 

Large Dry 9 8 

Ice Condenser 6 2 

6 Sub-atmospheric 

2 

6 

PWR TOTAL 15 16 

Prc-MARKI 4 -

MARK I 22 2 

MARKO 1 3 

MARKID 2 1 

BWR TOTAL 29 6 

BWRs 

33 50 

8 

6 

33 64 

4 

24 

2 6 

3 

2 37 

LWR TOTAL 44 22 35 101 

•Information from: R. F. Sammataro, "Containment Long-Term Operational Integrity -
A 1988 Status Report," Fourth Worfahop on Containment Integrity. U.S. Nuclear 
Regulatory Commission, NUREG/CP-0095, SAND88-1836 (June 1988). 
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Fig. 1. Prestressed concrete containment with shallow dome. 
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Fig. 2. Typical full steel containment structure. 
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TITLE: SELF-SEALING ICE CONTAINMENT STRUCTURE 

Functional Requirements: 3.1.1 Effect Containment Integrity 

Safety Type: Passive 

Developmental Status: 4 Analyzed 

Reactor Type: Light-water reactor (LWR) 

Organization- Vendor (Asea Brown Boveri) 

Examples of Implementation: None 

Description: Underground installation of a nuclear reactor in an area where groundwater 
is the source of drinking water poses the risk of radioactive contamination of the water 
supply in the event of a major reactor accident Increasing the thickness of the concrete 
confinement does not eliminate this risk, as cracks could stffl occur m die concrete as a 
result of an explosion or earthquake. 

The probability of leakage of radioactive water from an underground reactor to the 
surrounding groundwater can be substantially reduced by cooling the soil or rock adjacent 
to the concrete confinement to a temperature betow the freezmgpoinL This could be 
accomplished by installing cooling coils along the walls and ground surface of die soil and 
rock mass that surrounds the containment Each cooling coil would contain several 
hydraulic, series-coupled cooling elements, with each element inserted into a hole drilled 
into die soil and rock mass (Fig. 1). The cooling coils would be parallel-coupled with 
each other and connected to an absorption-type cooler. This cooler would obtain at least 
some of die heat required by die cooling apparatus from flow-tirrough water heated by die 
reactor. The maximum temperature of die cooling medium circulated trough die coils 
would be 0°C and die minimum diickness of the frozen soil and rock layer would be 1 m; 
die preferred cooling medium temperature would be -40° C, and die preferred diickness of 
the frozen soil and rock layer would be 10 m. 

If radioactive water leaked from die coniainment it would not irnmediately reach die 
surrounding groundwater, but would be frozen in die frozen soil and rock layer. The 
retention time would depend on die size of die cooling system. The frozen layer would be 
self-sealing; any cracks diat occurred would reseal when die reactor water penetrating 
diem froze. If desired, die cooling capacity of die soil and rock mass could be increased 
by the addition of a number of cold accumulators, e.g., plastic bags containing a salt 
solution widi a freezing point of -20° C. 

Alternative Versions: None 

Status of Technology: Not currently in use. 

Advantages: 1, Radioactive water leaking from the containment would be retained in 
die frozen soil and rock mass surrounding die containment. 
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2. Even if an accident prevenied the cooling machinery from functioning, 
the soil and rock mass would still remain frozen for an extended 
period, allowing time to cany out decontamination procedures. 

3. The large frozen mass provides a large heat sink for die reactor decay 
heat 

Additional Requirements: None 

Comments: None 

References/Contacts: 
l . K. Hannera, Inneslutningsanoidning ffr en KSmreakjor (Containment Arrangement 

for a Nuclear Rcactort. Swedish Utlaggningsskrift No. (B) (21) 7508757-7, 
(August 1975): ORNL/TR-89/15 (1989). 

U&m&W&sr- March 1989/EBL 
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TITLE: FILTERED, VENTED CONTAINMENT 

Functional Requirement: Level 3.1 Maintain Containment Boundary Integrity 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-Water Reactor (LWR) 

nrpniratinn- Vendor (Asea Brown Bovtri and KWU) 

Example* nf Inyleinentation: The FILTRA gravel-bed system was pot into operation at 
the Swedish Barseback Nuclear Power Station in 1985. 

Descriptinn: A filtered, vented couiainmeot is a standby system connected to a nuclear 
power plant coniainment structure. Its fraction is to provide pressure relief fw 
containment in order to avoid contammettruptjirefofflowmgapo^ 
white limiting radioactive release todie atmosphere. Many types of filtered, vented, 
containment systems (FVCS) have been proposed: dry fibers (fibrous mats, gravel beds, 
and sand beds), wet scrubbers (water pods, submerged gravel beds, washed fibrous 
mats, and suboKrgedvmturi), and combii^ An 
extenrive review of FVCSs can be found uRef. 1. Table 1 lists a variety of FVCSs now 
being used or planned on LWRs throughout die world. 

The two-stage FILTRA-MVSS is an example of one of theFVCSs listed in Table l. 2- 3 It 
is being installed on all of die Swedish LWR nuclear power statioris, except die boiling-
water reactors (BWRs) at Barseback. FILTRA-MVSS includes a pressure relief system, a 
system for collecting iodine and particulate matter, aiid a rnoistures 
Fig. 1). The FVCS is housed in a separate concrete building whose mternr ism die form 
of a pressure vessel provided widi a stainless steel liner. A radiation-shielded concrete 
culvert connects die venting system to die reacior containment If a serious reactor 
accident should cause an excessive pressure rise in die reactor containment, die steam and 
gas are ducted via die pressure relief system duough a central pipe into die filter chamber, 
which is partially filled widi water. The central pipe leads to a number of horizontal 
distribution pipes tiiat feed to multiple venturi nozzles. A series of water seals 
automatically match die number of venturi nozzles in operation to die required off-gas 
flow rate. In die venturi nozzles, a mixture of steam, gas, and water is accelerated and 
discharged into the water pool. The gas dien bubbles up through die pool in die filter 
chamber, trapping die particulate matter and dissolving elemental iodine. After die gas 
leaves die pool, it goes through a dry gravel bed where entrained water droplets are 
separated from the gas. It then exits die plant into die atmosphere via the discharge stack. 

Filter vent systems are typically designed to remove 99 to 99.9% of die fission products, 
excluding noble gases. 

Alternative Versions: Passive activation of some FVCSs could be achieved by including 
appropriate devices in die pressure relief system, such as rupture disks (used in some 
FVCS's parallel to conventional pressure relief values) or hydraulic water locks (see 
Fig. 2). 
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Status of Technology: Many European countries have opted for FVCSs to avoid die 
possibility of land contamination, to reduce die planned evacuation radius, and to provide 
an additional option for severe accident management Afthough the first European FVCS 
installation was a large, expensive, gravel-bed filter shared by two Swedish BWRs, die 
trend is toward die installation of small, lower-cost FVCS such as the sand beds or 
stainless steel fiber fillers located at French and German PWRs, and multistage filters, 
consisting of a submerged venturi scrubber followed by a demister/filter at German BWRs 
and Swedish LWRs. The U.S. Nuclear Regulatory Commission does not require FVCSs 
on commercial plants that it licenses. Several VS. utilities have proposed the installation 
of FVCSs at BWRs. A listing of the various types of FVCSs installed or being installed 
at LWRs duoughout the world can be found in Table 1. 

Advantages: 1. Prevention of containment rupture because of overpressurization 
following a postulated reactor accident. 

2. Control of radioactive release to the atinosphere following a 
postulated reactor accident 

Aridjftonal Requirements: Pressure integrity of containment structure and successful 
isolation of containment after an accident 

Comments: The various FVCSs require different levels of operator attention after an 
accident Morewitz's analysis1 concluded that "so far, the Barseback FILTRA system is 
the only FVCS designed for totally passive operation.4 All of the other systems appear to 
require" various degrees of support The FILTRA system is a 20-m diam, 40-m high 
(10,000-m3 volume) crushed gravel bed filled with 25-mm crushed quartzite (a type of 
granite). The bed is designed to remove 99.9% of the radioactivity, except from noble 
gases and organic iodine. 

FVCSs have generally been add-on systems to existing reactors. The preferred system or 
systems for a totally new reactor design may be signiflcandy different than current designs 
when integrated into the reactor containment system. 

References/ContacLs: 

1. Harry A. Morewitz, "Filtered Vented Containment Systems for Light-
Water Reactors," Nucl. Tcchnol.. 8J,117-33 (November 1988). 

2. Kjell Elisson and Tore Walterstan, "Sweden Employs a Multi Venturi 
Scrubber for Containment Venting," Nucl. Eng. Int.. 33. (405), 
(March 1988). 

3. "FILTRA MVSS," Progress Report No. 5. April 1987. ABB-Atom AB, 
S-721 63, Vaster&s, Sweden. 

4. Ake H. Persson, "The Filtered Venting System Under Construction at 
Barseback," Nuclear Technology. 2Q. 158-60 (August 1985). 

Update/Compiler: Jan. 1989/RLP 
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Table I. Various LWR Fstered Vented Containment Systems 

Fiter nam* 
Typ« 

(Sequence ol fitters) Reactor Country Footnote 

gngte Stan* System 

FLTRA FMered vents 

Gravel beds 

COSA Thermal-type hydrogen 

UMKMN Sand beds 

UN9KMN Water poohs 

2 BWRs (Teoisuuden 
Voima Oy UNity) 

tBWRs 

Lenstadt Mark-Ill BWR 

At 900 MW(e). 
1300 MW(e), and 
1400 MW(e) PWRs 
operated by Eteclricite 
da Franca 

MuMeberg Mark) BWR 

Finland a 

b 

Switzerland 

France 

Switzerland 

EF/O 0> a moisture separator A l CANDU heavy water 
and air healer: moderated power reactors 

(2) premier: operated by Ontario Hydro 
(3) dry HEPA fitter. 
(4) activated charcoal filter; 
<5> HEPA finer; 
(•) motorized Ian 

FH.TRA-MVSS (1) Miilti-venluri scrubber; A l LWRs except at Barseback 
(2) gravel bed 

lH90m (1) Multi-venturi scrubber; 
(2) filler module 

UTWJOWN 2 and 3 stage stainless steel 
fiber filler units 

Brunsbuttel and Krumnel 
KWU Series'69 BWRs 

Brokdorl. Isar II. Emsland and 
Neckarwestheim 1300 MW(e) 

Sweden 

Germany 

Germany 

7 more 1300 MW(e) PWRs 

•To be installed in 1989. 
blnsialed in 1985. 
clnsialled. 
dlnttallation in progress. 
•Design modifications underway. 
Ho be installed. 
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TITLE: VACUUM CONTAINMENT 

Functional Requirement: Level 3.1.2: Control Energy in Containment 

Level 3.2 Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 1 Commercial 
Reactor Type: Light-Water Reactor (LWR) 

Organization: Canada 

Examples of Implementation: Vacuum containment systems are in use at the Pickering 
Nuclear Generating Station (NGS), the Bruce-A NGS, Bruce-B NGS, and the 
Darlington NGS in Ontario, Canada. 

Description: A vacuum containment can prevent and contain the release of energy and 
radioactivity after a postulated reactor accident A vacuum containment's function is to 
terminate overpressure transients and thereafter maintain the containment at a 
subatmospheric pressure for several hours or days after an accident, thus preventing or 
significantly delaying die possibility of radioactive releases. The currently used 
vacuum containments have the main containment near atmospheric pressure and a 
separate building under hard vacuum. In an accident, pressure relief valves between 
the two connecting buildings open and cause die overpressure in die main containment 
building to be lowered. 

Canada's Ontario Hydro has incorporated a vacuum containment system for all of its 
CANDU reactors. A common feature of die Pickering NGS, Bruce-A NGS, Bruce-B 
NGS, and Darlington NGS power stations is a single vacuum building that is 
connected by self-activating pressure relief valves (PRVs) to a common, large volume 
containment shared by all die reactor buildings (see Fig. 1). A description of this 
system is provided in Refs. 1-3. In the event of a loss of coolant accident (LOCA), the 
resultant pressure rise in die containment beyond a preset value opens the self-activating 
PRVs, allowing the air-steam mixture to enter the vacuum building. A schematic of the 
PRV in the oper. ?xii closed position can be seen in Fig. 2. One side of the piston 
within the PRV is kept at atmospheric pressure. The other side of the piston is exposed 
to the pressure within the reactor plant containment. Normally, the pressure within the 
containment is kept at a negative pressure, about 5 kPa(g) less than atmospheric 
pressure, and the PRVs remain closed. But if die containment pressure should 
suddenly exceed atmospheric pressure due to an accident, the PRVs will quickly open, 
allowing the air-steam mixture to enter the vacuum building that is normally maintained 
at 7 kPa. A water spray is initiated and maintained by the resulting pressure difference 
between the main vacuum building chamber and die upper vacuum chamber normally 
pumped down to 1.5 kPa (see SSC description: Containment Pressure Control by 
Water Spray). The dousing system's primary function is to condense and cool the 
steam-air mixture that enters die vacuum building due to the accident; this terminates the 
short overpressure transient and thereafter maintains the reactor containment at a 
subatmospheric pressure (as illustrated in Fig. 3). 

Alternative Versions: Many options exist. 
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Status of Technology: Multi-unit CANDU nuclear generating stations utilizing a 
common vacuum building were installed at the Pickering NGS, the Bruce-A NGS, the 
Bruce-B NGS, and die Darlington NGS in Ontario, Canada in the early part of the 
1980s. 

Advantages: 1. Vacuum containment systems can be designed to reduce containment 
overpressure transient within minutes after a reactor accident and to 
maintain a subatmospheric pressure for several days after. 

2. Radioactivity can be contained. 

3. The system is passive in operation. 

Additional Requirements: None 

Comments: None. 

References/Contacts: 
1. J. Huterer et al., "Pressure relief structures of multi-unit CANDU nuclear 

power plants," Nuc. £ng. and Des., lflQ, (1), 21-39 (February 1987). 

2. Walter W. Koziak, "Bruce-B NGS - Containment Commissioning Test," 
Nuclear Studies and Safety Department, Ontario Hydro, Toronto, Ontario, 
Canada, October, 1983. 

3. Z. M. Beg and R. S. Ghosh, "Evolution of CANDU vacuum building and 
pressure relief structures from Pickering NGS A to Darlington NGS A," 
Transactions of the 9th International Conference on Structural Mechanics in 
Reactor Technology. H, Concrete and Concrete Structures, CONF-870812, 
467-73 (1987). 

Update/Compiler: Jan. 1989/RLP 
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TITLE: PASSIVE HARD-VACUUM CONTAINMENT SYSTEM 

Functional Requirement: Level 3.1.2: Control Energy in Containment 

Level 3.2: Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Light-Water Reactor (LWR) 

Organization: Industrial (Nucle Dyne Engineering Corporation) 

Examples of Implementation: None 
Description: A vacuum containment can prevent and contain the release of energy and 
radioactivity after a postulated reactor accident A vacuum containment's function is to 
terminate overpressure transients and thereafter maintain the containment at a 
subatmospheric pressure for several hours or days after an accident, thus preventing or 
significantly delaying the possibility of radioactive releases. 

The Passive Containment System (PCS-3) is a hard-vacuum containment system (1-3) 
where the containment structure is divided into three zones: primary, auxiliary, and 
secondary. The primary containment encloses the reactor, steam generators, pressurizer, 
circulation pump heads, and engineered safety system components (see Fig. 1). It 
consists of multiple interconnected cylindrical steel cells surrounded by reinforced 
concrete biological shield walls. During normal operations, it operates at vacuum 
condirions. Reinforced-concrete encloses the auxiliary containment structure, which 
operates near atmospheric pressure. The reinforced-concrete reactor building provides a 
secondary containment. 

Major containment safety systems inside primary containment include depressurizer 
vessels and refill, deluge, and quench tanks. Each of these contains temperature-
controlled, stored water with boron and other dissolved chemicals. Their heat sink 
capacities are given in Table 1. The primary containment structure, containing 250,000 ft3 

of free volume, is designed for normal operation at a 2.22-psia yjcjnjnj and for a 75-psia 
peak accident pressure pulse. 

The auxiliary containment enclosures house equipment required for (a) normal operation, 
including (but not limited to) reactor coolant auxiliaries, component cooling and service 
water systems, instrumentation and controls, and electrical equipment; and (b) refueling, 
including handling and storage of new and spent fuel (outside primary containment), spent 
fuel cooling, and (c) handling and temporary storage of solid, liquid and gaseous 
radwaste. Select enclosures are steel-lined to prevent leakage of radioactivity in an 
adverse event. These include both the refueling enclosure designed to handle new and 
spent fuel and the enclosure for gaseous radwaste. 

The reactor building houses environmental control systems for the primary and auxiliary 
containment structures therein. The building is constructed with roof closures above the 
reactor cooling system and other major components. These closures provide for the 
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installation and ready replacement of components without upending them inside 
containment. 

In the event of a pipe break in containment, steam travels through variable orifice vents 
between the interconnected cells in the primary containment to the deluge and quench 
tanks. The tanks act like suppression pools (see Containment Pressure Control-
Suppression Pool/Bubbler Condensers). Steam enters through vent pipes and is 
discharged below the water level and is condensed. At about 8.66-psia pressure, the total 
orifice area exposed is 204 ft2* limiting the primary containment peak pressure to <75 psia 
in the large RCS pipe break. Continued steam carryover into the deluge and quench tanks 
passively reduces the containment pressure below atmospheric within 1 min after the pipe 
break. In the small-diameter break, the primary containment pressure remains below 
atmospheric during RCS blawdown and for the term of the accident 

In the loss-of-coolant accident (LOCA), borated water from the depressurizer vessels and 
refill and deluge tanks passively floods the primary containment, including the reactor 
vessel cavity, to an elevation above postulated RCS pipe breaks. The temperature of the 
water flooding the containment, as well as that of the stored water retained within the 
quench tanks, gradually increases as a result of decay heat absorption. 

A postaccident decay heat transfer system becomes passively functional during gravity 
flooding of the primary containment, submerging heat exchangers within the primary 
containment, which in turn are interconnected to heat exchangers in cooling pond(s). At 
about 6 h into the LOCA, the heat transfer rate of this system equals the prevailing decay 
heat generation rate and maintains the containment at a subatmospheric pressure. 

The vacuum in the primary containment keeps the oxygen in containment below 
combustible limits, preventing hydrogen/oxygen reactions and fires. Containment 
flooding provides radionuclide scrubbing of gases and the absorption of fission products. 

Alternative Versions: Multiple design options exist 

Status of Technology: Detailed analysis of the system has been made. 

Advantages: 1. Vacuum containment systems can be designed to reduce the 
containment overpressure transient within very short times following a 
reactor accident and to maintain a subatmospheric pressure for several 
days thereafter. Radioactivity is fully contained. 

2. The vacuum eliminates the possibility of fire in containment due to the 
lack of oxygen. 

3. Containment integrity is continually checked during normal operation. 
The existence of a vacuum is proof of containment integrity. 

4. The system can be designed for high heat loss in the event of an 
accident. High-vacuum containments eliminate the need for primary 
system insulation. In a postaccident environment, as the containment 
is flooded, the reactor system can be partly cooled by heat transfer 
through the primary system walls (which have no insulation). 
Similarly, passive heat removal systems can be activated by the 
presence of steam, water, or higher gas pressures. 

5. The system is passive in operation. 
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Additional Requirements: None 

Comments: None 
References/Contacts: 

1. O. B. Falls, Jr., and F. W. Kkimola, "A Passive Containment System for 
Advanced Light-Water Reactors," NucL Safety 29(31 (July-September 1988). 

2. O. B. Falls, Jr., and F. W. Kleimola, "Passive Containment System: An 
Advanced Light-Water Reactor Plant Having a Zero Source Term," NEC-13, 
Nucle Dyne Engineering Corporation, 728 West Michigan Avenue, Jackson, 
Michigan, June 1987. 

3. F. W. Kleimola and O.B.Falls, Jr., "Recomrnissioning - An Alternative to 
Decommissioning," Trans. Am. Nucl. Soc. 30 SSS-S6 (1978). 

Update^nmpilen Sept 1989/CWF.FWK 
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Table 1. Heat sink capacity of stored water within primary containment 

Total 
volume 

Initial 
temperature 
OF oc 

200°F, 

106 Btu 

Heat sin 
, 11.5 psia b 

7.9x104 Pa 

109 J 

212°F, 1 
100OC. 

14.7 psia 
- f t 3 m 3 

Initial 
temperature 
OF oc 

200°F, 

106 Btu 

Heat sin 
, 11.5 psia b 

7.9x104 Pa 

109 J 

212°F, 1 
100OC. 1.0x104 Pa 

Component 

- f t 3 m 3 

Initial 
temperature 
OF oc 

200°F, 

106 Btu 

Heat sin 
, 11.5 psia b 

7.9x104 Pa 

109 J 106 Btu 109 J 

Containmentc 250,000 7,080 50 10 8 8 11 12 

Depressurizer 
vessels d 3,600 102 120 49 18 18 18 19 

Refill tanks d 23,200 657 50 10 209 220 221 233 

Deluge tanks d 57,177 1,619 50 10 535 564 578 610 

Quench tanks e 49,100 1,393 50 10 m m 491 m 
Totals 1229 1300 1319 1392 

b 

c 
d 
c 

Added energy when heated to the given temperature and pressure in adverse event; does not include 
heat sink capacity of structures. 
Containment at subatmospheric pressure. 
Water vapor alone. 
Contains boron and other chemicals in solution. 
Contains dissolved chemicals. 
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TITLE: CONTAINMENT PRESSURE CONTROL-SUPPRESSION 
POOLS AND BUBBLER CONDENSERS 

Functional Requirements: Level 3.1.2 Control Energy in Containment 

Level 3.2 Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendor (Moltirfe) 
Examples of Implementation: All BWRs designed and licensed by General Electric (GE) 
include a pressure suppression pool. Examples include Commonwealth Edison Company's 
two-unit Dresden Nuclear Power Station (Mark I type containment), Philadelphia Electric 
Company's two-unit Limerick Generating Station (Mark II type containment), and System 
Energy Resources, Inc.'s two-unit Grand Gulf Nuclear Station (Mark III type containment) 
with outputs of 772 MW(e), 1055 MW(e), and 1142 MW(e) respectively. 

There are 13 Russian 440 MW(e) PWR nuclear units incorporating bubbler condenser 
pressure suppression systems now in operation and 13 more are under construction. 

Description: Suppression pools are used to rapidly cool and condense the steam-air 
mixture after a loss of coolant accident, thus acting as a passive heat sink to absorb the 
released energy from the break. Suppression pools accomplish this function by bubbling 
the higher-pressure steam-air mixture through a bath of cool water. This condenses the 
steam and cools the air. This heat sink is a large volume of water stored in either pressure 
suppression chambers or a bubbler condenser compartment inside the primary 
containment, or in a bubbler condenser tower next to the reactor building. A secondary 
function is to prevent gaseous (especially halogens) and particulate radionuclides from 
entering the containment atmosphere and, potentially, the environment. This is done by 
scrubbing escaping gases from a reactor coolant break with pool water. 

All B WR primary containments consist of a dry well that encloses the reactor vessel and 
recirculation system, a pressure suppression chamber that stores the large volume of 
water, and the main containment volume. A schematic of a typical B WR Mark III type 
containment system can be seen in Fig. 1. The pressure suppression pool is contained 
within the volume between the drywell wall and the lower containment wall. The 
suppression pool contains approximately one million gallons of water at its maximum pool 
level. The drywell and suppression pool are connected by 135 circular vents through the 
lower drywell wall below the pool's water level, which, under accident conditions, 
conduct the steam-air mixture into the suppression pool. When steam and/or other gases 
escape the reactor during an accident, the pressure in the drywell increases, the water level 
between the weir wall and the drywell wall decreases, and each of the three rows of vents 
are progressively uncovered. As each row is cleared, the steam-air mixture enters the 
suppression pool below the surface where the steam is cooled and condensed, thus 
reducing the overall pressure within the primary containment. The inert gases are vented 
from the suppression pool to the containment volume. The design characteristics for a 
typical Mark III type primary containment are shown in Table i. 
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The Union of Soviet Socialist Republics (USSR) has in operation thirteen 440 MW(e) 
PWR nuclear units designated as the WER-440. (u addition, 13 more units of larger 
sizes are now under construction.) A number of older units and all newer units include a 
pressure suppression system. The WER-440 model typically incorporates a large 
number (-I960) of water trays that serve as suppression pools. For each unit, the set of 
suppression pool trays is located inside a bubbler condenser tower either in the 
containment (Rg. 2) or constructed adjacent to die reactor building in a connected 
building. A variant of this standardized design is now under construction at Juragua, 
Cuba. Its design makes use of internal suppression pools and is similar in layout to 
Westinghouse-designed, ice-condenser-equipped PWR. Instead of using an ice 
condenser, the intermediate compartment contains passive bubbler condensers (see Rg. 3 
and SSC description: Containment Pressure Control: Ice Condensers). The multilevel 
bubbler condenser trays contain approximately 200,000 gal of water. When die pressure 
rise in the lower compartment, which contains die reactor, exceeds the head of water 
initially filling the bubbler tubes, die steam-air mixture is forced downward through die 
bubbler tubes (see Fig. 2). Steam is condensed as die steam-air mixture tfiat is exiting die 
bottom of the tubes bubbles up dirough the surrounding water layer. The air and 
uncondensed gases passing dirough die water exit die intermediate compartment dirough 
several orifices into the upper compartment Condensation of die steam-air mixture is 
complete when die pressure in die lower compartment is no longer sufficient to force die 
steam dirough die bubbler condenser unit 

A modular pressure suppression containment system is proposed for die Combustion 
Engineering (3) Safe Integral Reactor (SIR). SIR is a pressurized-water reactor (See: 
Integral PWR widi no Primary System Piping). The pressure suppression containment 
system consists of: (1) a reactor vessel compartment which houses die reactor pressure 
vessel and support structure, (2) eight cylindrical steel suppression tanks with external 
fins, each containing a pool of water, and (3) a vent system connecting die reactor vessel 
compartment with pressure suppression tanks (Fig. 4). 

Each shop-fabricated cylindrical steel pressure suppression tank operates as a conventional 
suppression pool with the incoming steam-air mixture directed below die water level in die 
tank to condense die steam. Each tank has a finned exterior surface to promote heat 
transfer to the ambient air for long-term cooling. The pressure suppression tanks are 
housed widiin a reinforced concrete structure which has outside air intakes and discharge 
provisions for circulating ambient air. The design pressure of die containment is 241 KPa 
(34 psig) while die design temperature of die reactor vessel containment is 171°C (340°F) 
and that of die suppression tanks is 116°C (240°F). 

Alternative Versions: There are many design variations of suppression pools. 

Status of Technology: Suppression pools are installed in all dure versions of the GE-
designed BWR containments. Bubbler condenser towers sit adjacent to the USSR-
designed VVER-440 model 213 PWRs. Two of these same VVER-440s with bubbler 
condensers within die primary containment are now being constructed in Cuba. 

Advantages: 1. Containment overpressure due to an LOCA is reduced widiin a few 
minutes to a few psi, thus reducing die probability of fission product 
release from die containment 
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2. The suppression pools/bubbler condensers are static devices, do not 
require any power source, and their operation during an accident does 
not depend upon die functioning of other systems. 

3. Radionuclides are scrubbed from escaping gases and steam from the 
reactors. 

Additional Requirements: None 

Comments: The Advanced Boiling-Water Reactor currendy under development has a 
suppression pool similar to mat of the MARK EI containment, except that it is not open to 
the containment 

References/Contacts: 

1. Updated Final Safety Analysis Report, Grand Gulf Nuclear Station, Docket 50-416, 
Chapters 1-6. 

2. US. Department ot Energy. Overall Plant Design Descriptions. WER Water-
Cooled. Water-Moderated Energy Reactor. DOE/NE-0084, Rev. 1 (October, 1987) 

3. R. A. Matzie, J. Longo, R. B. Bradbury, K. R. Teare, and M. R. Hayns, Design of 
the Safe Integral Reactor. Combustion Engineering, TIS-8471 (1989). 

Update/Compiler May 1989/WEK 
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Table 1: Mark III Containment 

Design Parameters 

Drywell Containment 

Internal pressure (psig) 30 15 

External design pressure 
differential (psdi) 21 3 

Design temperature (°F) 330 185 

Net free volume (ft3) 270,000 1,400,000 

Suppression pool water 
volume (ft3)-total, max 138,700 

Pool depth-normal (ft) 187" 

Vent System: 

Number of vents 135 

Nominal vent diameter 28" 

Net vent area (ft2) 552 

Vent centerline elevations (ft above 
pool bottom) 

Top row 11'4" 

Middle row 7'2" 

Bottom row 3'0" 
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Fig. 3. Soviet VVER-440, model 213 reactor bubbler/condenser containment. 
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TITLE: STEAM OONDENSATION AND VACUUM CREATION 
BY SUPPRESSION POOLS 

Functional Requirements: Level 3.1.2 Control Energy in Containment 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Vendor (USSR) 

Examples of Implementation: Certain Soviet WER (pressurized water) reactors 

Pescription: u a k)ss^<oolant acckknt (IX)CA), flash vaporization of the leaking reactor 
codant produces a rapid pressure increase in the reactor containment building. Several 
systems have been developed to use mis initial postaccident pressure surge to move the 
relatively nonradioactive gases, which were originally in containment and near the reactor, 
to a secondary containment volume, men condense steam and, finally, create a vacuum in 
the containment volume near the reactor core. Since radioactive gases and aerosols are not 
immediately released in an LOCA, sufficient time is available to create vacuum conditions 
in containment immediately after the accident Vacuum containment prevents leakage of 
any subsequent radioactive gases and aerosols. 

Each of the systems used divides the containment into two or more volumes: one volume 
containing the reactor and primary system, die other volume(s) containing the remaining 
space in containment To reduce die pressure of die containment volume near the reactor 
after initiation of an accident, a secondary containment area is connected to die primary 
containment by a conduit containing a passive vapor condenser such as a suppression pool. 
The suppression pool is a water-filled trough covered by a housing that is designed to 
channel die high-pressure steam-air mixture into the water (Fig. 1, left side). The housing 
inlet pipe is submerged in die pool so that die steam-air mixture bubbles Uirough die water. 
The cooler water of die pool condenses most of die steam (dius reducing die pressure), 
while the air proceeds uirough die housing oudet pipe and into die secondary containment 
(Fig. 1, right side). Several arrangements of diis system are possible, including individual 
pools venting to individual secondary containments (Fig. 2, top), groups of pools venting 
to a secondary containment common to die group (Fig. 2, middle), and multiple pools 
venting to a common secondary containment (Fig. 2, bottom). 

The pressure surge that forces die steam-air mixture to die secondary containment ends 
when die reactor is fully depressurized. As die steam in primary containment condenses 
against die colder walls it creates a negative pressure in die primary containment, 
preventing die escape of any fission products to the outside atmosphere. Water sprinkler 
systems are used to condense any steam subsequently produced, and die negative pressure 
is maintained until die pressure in secondary containment becomes high enough to 
(1) overcome die pressure exerted by the water in die suppression pool (AH in Fig. 1) and 
(2) force air back into die primary containment. To prevent the higher pressure in 
secondary containment from forcing a backflow of air, a one-way valve can be installed at 
the inlet to die secondary containment (Fig. 1, bottom right). 
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Alternative Versions: Figure 3 shows an advanced design that does not use a valve but is 
still expected to provide excellent protection against backflow from secondary to primary 
containment volumes. This eliminates concern about valve failure due ID defects, damage, 
or the presence of foreign objects. Following an LOCA, die initial pressure surge drives 
die steam-air mixture through openings in die wall of die primary containment, up into an 
intermediate chamber, and down duough along vertical conduit into die suppression pool 
in secondary containment below. The vertical conduit is designed to provide a water seal 
against backflow of air from the secondary containment, witii the vertical conduit height (in 
meters) being no less than 10 times the ratio of the priinary containment volume to die 
secondary containment volume. As with current designs, die pressure needed to force gas 
from die primary to secondary containment is proportional to the depth of water in die 
suppression pool (AH}). However, if die secondary containment volume gas pressure is 
larger, it forces water up die vertical conduit The pressure needed to force gas from 
secondary to primary containment volumes is proportional rorhehdght of the vertical 
conduit (AH2). In effect, a small pressure difference moves gas from primary to secondary 
containment, but a much larger pressure difference is needed to move gas in die reverse 
direction. 

A number of different configurations of rhis advanced design have been proposed2'4 for 
different reactor plant layouts. 

Status of Technology: The multiple suppression pools with check valve systems are used 
in Soviet WER pressurized-water reactors. One version not requiring a valve will be used 
in die WER-440 Model V-213 being constructed at Juragua, Cuba, as shown in Fig. 4 
and described in Table 1. 

Advantages: Negative pressure in primary containment prevents escape of fission products 
to die outside environment. 

Additional Requirements: None 
Comments: None 

Rcfcrcnces/Qpntacis: 
1. A. M. Bukrinsky, G. V. Matskevich, J. V. Rzheznikov, et al., System for Mitigating 

the Effects of an Accident at a Nuclear Power Plant. U. S. Patent 4,056,436 
(November 1,1977). 

2. A. M. Bukrinsky, J. V. Rzheznikov, J. V. Shvyryaev, et al., System for Mitigating 
Consequences of Loss-of-Cnolant Accident at Nuclear Power Station. U. S. Patent 
4,362,693 (December 7,1982). 

3. US. Department of Enerpv. Overall Plant Desipn neacrinrinns WER Water. 
Cooled. Wfl'.et-Maderated Energy Reactor. DOE/fflUMx4 fffctnher 19x7V 

4. D.Sykora,! i ipresaed Air Vacuum System for Localization of Accidents in Nuclear 
RsacipXS, Gt ran Democratic Republic Patent 160,446: (November 4,1980) 
ORNL/TR-89 12 (1989). 

Update/Compiler- March 1 9 8 9 / E B L 
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Table 1. Safety Features of WER-440 Model V213 - Cuban Variant 

Containment 

Sprinkler systems 

Suppression pool design 

Suppression pool water additives 

Aggregate volume of suppression pools 

Estimated pressure differential 
required to return air to 
primary containment 

Estimated time for primary 
containment to reach negative 
pressure following a cold 
leg pipe break 

Steel-lined cylindrical reinforced 
concrete 

Active and Passive 

Multilevel passive pools 

Boric acid, sodium thiosulfate, and 
potassium hydroxide 

-780 m 3 

0.038 MPa (5 .5 psi/water head of 
13 ft) 

100 s 
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TITLE: WATER-OOOLABLE CORE CATCHER 

Functional Requirement: Level 3.1.2: Control Energy in Containment 

Level 3.2: Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 3 Evaluated 

Reactor Type: Light-water reactor (LWR) 

Organization: Multiple 

Examples of Implementation: Nc.c 
Description: A water-coolable core catcher can be used to contain the molten debris 
generated by a nuclear reactor core meltdown after a postulated reactor accident The 
primary function of a core catcher is to retain and cool the molten core debris and keep the 
debris in a long-term coolable geometry to prevent damage to the integrity of the reactor 
containment structures. Interaction of molten or hot solid core debris with the concrete 
containment structure may generate explosive gases, overpressurize the containment 
structure, result in accelerated aerosol production, enhance heat transport to containment 
structures, and could ultimately breach the primary containment and release radioactive 
debris to the environment. 

The two main types of core retention materials that have been considered for use in a core 
catcher are (1) sacrificial materials and (2) refractory materials. Sacrificial materials, such 
as borax, will interact with the molten core to absorb and dissipate the heat. Refractory 
materials, such as firebrick, alumina, and oxides of magnesium and thorium, are very 
resistant to chemical and thermal attack by the molten core and will act to physically 
contain the debris, similar to a crucible. The retention materials can be formed into bricks, 
cast as a solid crucible, or layered in various fashions in a particle bed. Many proposed 
designs place the core catcher outside and underneath the pressure vessel, yet inside the 
primary containment building, but designs have been proposed that place the core catcher 
within the pressure vessel (see Alternate Versions). 

A typical water coolable core catcher is shown in Fig. 1. Many designs for particle-bed 
core catchers have been proposed and offer advantages over other designs. Particle beds 
have a lower overall thermal conductivity than solid beds and thus offer greater protection 
to the catcher basin and containment structure. Particle beds can be layered with particles 
of varied size and composition to address different design criteria. For example, the top 
layer of a particle bed is often composed of large particles (1-3 cm) of high-heat-resistant 
material (such as H1O2) to allow rapid penetration and subsequent dilution of molten core 
materials. These large particles also prevent the top layer from being expelled from the 
catcher by a high velocity stream from the initial breach of the vessel. Middle layers of 
similar heat resistant materials are usually composed of small panicles (~ 1 mm) in order 
to contain the molten core using surface tension effects and conduction freezing. Bottom 
layers usually contain much larger particles to allow for passage of coolant around the 
trapped core debris. Alumina has been used as a bottom layer where the more costly, heat 
resistant materials are not required. 
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Other designs have proposed homogeneous panicle beds composed only of graphite. If 
axial particle-size variation is undesirable, another option4 is to use stick-like graphite 
pieces to enhance the top layer's resistance to expulsion by high pressure streams and yet 
retain the ability to trap the molten core. 

The initial trapping of the molten core is the first stage of operation of a core catcher. It 
has been shown1*4 that cooling water has no effect on the initial penetration depth or 
penetration rate of the molten core debris and may be undesirable in the initial stage of core 
debris and catcher contact In the second stage of core catcher operation, after the initial 
trapping of die molten core, heat buildup in die catcher materials will result in remelting of 
the debris and further penetration. Thus, cooling of the core catcher in the second stage is 
necessary. Either cooling water could be pumped through the bed or a more passive 
system relying on gravity could be used. (See: Temperature Activated Water Sprinkler 
for Steam Condensation and Accident Mitigation.) 

In addition to protecting the containment structures, the core catcher will help to 
immobilize releases of radionuclides to the containment as detailed in Ref . 7. A summary 
of the results is given in Fig. 2 , 7 which shows the mass fraction of radionuclides released 
to containment as a function of time after core meltdown. Releases are shown with and 
without water under the prersure vessel. It can be seen mat flooding the core catcher with 
water reduces the releases of a number of radionuclides. 

Alternative Versions: The core catcher described in Ref. S is referred to as a collecting 
tray. This tray, placed underneath the core and inside die pressure vessel, is a conical-
shaped container with a number of attached heat pipes that allow cooling of the core 
debris. At die base on the inside of die pressure vessel wall is an attached skirt to direct 
molten core debris into the collecting tray. Cooling is totally passive by natural 
convection. The tray has been proposed for PWR, BWR, and Liquid-Metal Fast Breeder 
Reactor designs. The tray and cooling pipes would be arranged to ensure that the molten 
core would not form a critical mass. 

Status of Technology: Small-scale and prototype demonstrations on sacrificial and 
refractory core catcher materials have been performed. Models have been developed to 
extrapolate experimental results to reactor-scale core catcher devices. Use of reactor core 
catchers has been proposed for future European reactor designs3-6. 

Advantages: 1. Damage to the primary containment structure, and in some designs the 
pressure vessel, is prevented. 

2. Radionuclide releases to containment after core meltdown are reduced. 
3. No moving mechanical components are required. 
4. Cooling is totally passive. 

Additional Requirements: None 
Comments: None 

References: 

1. J. D. Fish, M. Pilch, F. E. Arellano, "Demonstration of Passively-Cooled Panicle-
Bed Core Retention," Proceedings of the L.M.F.B.R. Safety Topical Meeting. 
Lvop-Ecully. France. July 19-23.1982. American Nuclear Society, Vol. 3, 
pp. 327-36. 

2 of 5 



11-46 

2. D. A. Powers, "A Survey of Melt Interactions with Core Retention Material," 
Proceedings of the International Meeting on Fast Reactor Safety Technology. 
Seattle. WA. August 19-211979. American Nuclear Society.Vol. 1, pp. 379-88. 

3. L. Fogelstrdm (Visteras, Sweden) and M. Simon (Federal Republic of Germany), 
"Development Trends in the Area of Light-Water Reactors," Atftmwirtschaft. 
August/September, 1988, pg. 423-426: ORNL/TR-88/38, Oak Ridge National 
Laboratory. Oak Ridge, Tennessee (1988). 

4. M. J. Driscnll and F. I Bowman. Core Catcher for Nuclear Reactor Core 
Meltdown Containment. United States Patent No. 4,113,560 (September 12,1978). 

5. D. Broadley, Collecting Tray for Nuclear Reactor Core Debris, United Kingdom 
Patent Office, London Patent No. 1 464 425, (February 16,1977). 

6. R. Adinolfi and L. Noviello, "Passive Systems Considerations for Light-Water 
Reactors," presented at die International Atomic Energy Agency Technical 
Committee Meeting on Passive Safety Features in Current and Future Water-Cooled 
Reactors, Moscow, USSR. March 21-24,1989. 

7. H. P. Nourbakhsh, M. Khatib-Rahbar, and R. E. Davis, Fission Product Release 
Characteristics Into Containment Under Design Basis and Sevens Accident 
Conditions. NUREG/CR-4881 (BNL-NUREG-52059) (March 1988). 
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TITLE: CONTAINMENT PRESSURE CONTROL BY PRESSURE 
ACTIVATED WATER SPRINKLERS 

Functional Requirement: Level 3.1.2: Control Energy in Containment 
Level 32: Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-Water Reactor (LWR) 

Organization: Vendor (Canada and USSR) 

Examples of Implementation: Water sprinkler dousing systems designed to control 
containment pressure are in use at the Pickering Nuclear Generating Station (NGS), the 
Bruce-A NGS, the Bruce-B NGS, and the Darlington NGS in Ontario, Canada. 

Description: Water sprinklers can be used to suppress containment pressure after a 
postulated loss-of-coolant accident (LOCA). The dousing system's primary function is to 
rapidiy cool and condense the steam-air mixture, thus acting as a passive heat sink to 
absorb the released energy. Water drawn from an emergency storage tank (located above 
the sprinklers and drained by gravity) can act as the heat sink is it is sprayed into the 
compartment or building to which the steam-air mixture has t ~cn vented. Sprinklers also 
provide a secondary function: they wash out radionuclides in the containment 
environment Sprinkler operation can be initiated by pressure difference, pressure pu'se, 
or rise in containment pressure. 

Sprinkling systems can be passively activated by a pressure difference and can be designed 
so that water flow is interruptible or continuous (see Fig. 1). Canada's Ontario Hydro has 
incorporated a dousing system in all of its CANDU reactors.1-2'3 The dousing system is 
initiated and maintained in operation by a pressure difference between the main vacuum 
building chamber and an upper vacuum chamber, as shown in Fig. 2. (see SSC 
description: Vacuum Containment). The main vacuum building containment is normally 
maintained at 7 kPa and die upper vacuum chamber is normally pumped down to 1.5 kPa. 
If an LOCA occurs, the sudden rise in pressure in the main vacuum chamber pushes cold 
water in die emergency water storage tank up sixteen riser pipes, over a flow regulating 
weir, and into spray headers containing 896 spray plates. Water will continue to spray into 
the vacuum building until all of the steam is condensed and the vacuum is reduced to 
normal. This type of device can either operate based on continuous pressure difference or 
short-term pressure rise. As shown in Fig. 2b, extension of the siphon below the bottom 
of the water tank assures continued sprinkler operation after initiation until the tank is dry. 

Some types of Soviet LWRs contain passive sprinklers designed to lower containment 
pressure within minutes of initiation of an accident and act as "suppression pools." The 
sprinkler systems can be connected to large, elevated tanks of water or multiple, smaller 
tanks of water. Three design options3 are shown in Fig. 3 and described below. 

Sprinklers can be activated by pressure surges (see Fig. 3a). Immediately after an LOCA 
accident, containment pressure rises rapidly. The resultant steam-air mixture is pushed 
backwards through the sprinkler system and siphon into the scaled sprinkler water tank. 
The s.eam is condensed while the gas pressure in the water tank is increased by non-
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condensable gases. As steam begins to condense in die containment, die containment 
pressure begins to drop. At this time, ti« higher pressure in die sealed water tank pushes 
water into die sprinkler siphon and sprinkler action is initiated. Once die siphon starts 
operation, die sprinkler continues until die water tank is empty. 

Other metiiods to rapidly activate sprinklers by rising pressure in containment are shown in 
Fig. 3b and Fig. 3c. In Fig. 3b, after reactor accident initiation, containment pressure 
rises, and die resultant steam-air mixture is pushed backwards timough die sprinkler system 
and siphon into unsealed sprinkler water tank. The normal siphon rapidly pressurizes die 
gas volume in die sprinkler tank. In contrast, die second siphon contains a large gas 
volume and a duotde. Steam condenses in die gas volume and die pressure rise is very 
slow in tiiis siphon. As a consequence, titis siphon has a lower pressure dianeidier die 
containment or die water tank. The higher gas pressure in die water tank pushes water into 
die siphon, initiating operation of die sprinkler. The sprinkler towers containment 
pressure, which forces operation of die first siphon. The pressure-rise activation sprinklers 
in Fig. 3c operate in a similar fashion. 

Alternative Version: None 

Stanis of Technology: Passive water sprinklers are in use in Canadian CANDU reactors 
and certain Soviet LWRs. Details of die Soviet designs are not currently available. 

Advantages: 1. Water sprinkler systems can be designed to reduce containment 
overpressure transients within minutes after an accident 

2. The systems are completely passive in operation. 
3. Sprinklers wash radionuclides from containment atmosphere. 

Additional Requirements: None 

Comments: None 

References/Contacts: 

1. Z. M. Beg and R. S. Ghosh, "Evolution of CANDU Vacuum Building and Pressure-
Relief Structures from Pickering NGS A to Darlington NGS A," 9th International 
Conference on Structural Mechanics in Reactor Technology, 21 Concrete and 
Concrete Structures, Lausanne, August 17-21,1987. 

2. W. W. Koziak, "Bruce-B NGS - Containment Commissioning Test," Nuclear 
Studies and Safety Department, Ontario Hydro, Toronto, Ontario, Canada, 
(October 1983). 

3. J. Huterer, D. G. Brown, M. A. Osman, and E. C. Ha, "Pressure Relief Structures 
of Multi-unit CANDU Nuclear Power Plants," Nuclear Engine/ring and Design. JjQQ, 
21-39 (1987). 

4. A. M. Bukrinsky, J. V. Rzheznikov, J. V. Shvyryaev, V. P. Tatarnikov, 
A. L. Lapshin, V. I. Sanovich, D. A. Zlatin, J. A. Kuznetsov and E. A.Babenko, 
System for Mitigating Consequences of Loss-of-Cnolant Accident at Nuclear Power 
Sjaiian, U.S. Patent 4,362,693 (Dec. 7,1982). 
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TITLE: TEMPERATURE ACTIVATED WATER SPRINKLERS 
FOR STEAM CONDENSATION AND ACCIDENT MITIGATION 

Functional Requirement: Level 3.12 Control Energy Release Into Containment 

Level 3.2 Trap Radionuclides 

Safety Type: Passive 

Developmental Status: 2 Demonstrated 

Reactor Type: Light-Water Reactor (LWR) 

Organization: Industrial (Multiple) 

Examples of Implementation: None 
Description: Water sprinklers can be used to suppress containment overpressure after a 
postulated loss-of-coolant accident (LOCA). The sprinkler system's primary function is 
to rapidly cool and condense die steam-air mixture, thus acting as a passive heat sink to 
absorb die released energy. Water drawn from an emergency storage tank (located above 
the sprinklers and drained by gravity) can act as die heat sink as it is sprayed into the 
compartment or building to which die steam-air mixture has been vented. Sprinklers can 
also provide other functions: they washout radionuclides in die containment environment 
and may be used to flood die area below the pressure vessel in a postulated core melt 
accident to prevent loss of containment 

Sprinkling systems can be passively activated by die ambient temperature. There are 
several types of temperature-sensitive automatic sprinklers used in buildings for fire 
protection (see Fig. I) . 1 Under normal conditions, die discharge of water from an 
automatic sprinkler is restrained by a cap or valve held tightly against die orifice by a 
system of levers and links pressing down on the cap and anchored firmly by struts on the 
sprinkler. The common fusible-link automatic sprinkler operates upon the fusing of a 
metal alloy with a predetermined melting point. The frangible-bulb sprinkler has a small 
glass bulb operating element. The bulb contains a liquid that does not completely fill die 
bulb, as there is a small gas bubble entrapped in it. When the bulb is heated, die gas is 
absorbed by die liquid. Then die pressure rises rapidly and die bulb shatters, releasing die 
valve cap. The exact operating temperature is regulated by adjusting the amount of liquid 
and die size of die bubble when the bulb is sealed. The frangible-pellet sprinkler has 
either a pellet of solder or other eutectic metal under compression diat melts at a 
predetermined temperature and allows movement of die releasing elements. Automatic 
sprinklers have various temperature ratings diat are based on standardized tests. The 
maximum safe room temperature is closer to die operating temperature for bulb and fusible 
pellet sprinklers than for sprinklers having soldered fusible elements. Solder begins to 
lose its strength somewhat below its actual melting point. National Fire Protection 
Association sprinkler standards are listed in Table 1. 

Alternative Version: Ea:h of die temperature-sensitive automatic sprinklers shown in 
Fig. 1 will initiate a continuous discharge of water. If an interruptable flow of water is 
desired, development of an automatic sprinkler with a new type of activator such as a 
bimetallic element will be required. 
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Status of Technology: Automadcten îerature-sensidve sprinkler systems have been used 
by die building industry for fire protection for many decades, but have not been used in 
reactor containments. For die Advanced Boiling-Water Reactor, General Electric is 
planning;io use sprinklers to flood die area below die pressure vessel in die event of a core 
melt accident (2) to stop die accident. 

Advantages: 1. Water sprinkler systems can be designed to reduce containment 
overpressure transients widiin minutes after an accident 

2. The systems are completely passive in operation. 
3. The technology for construction of automatic sprinklers is available. 
4. Sprinklers wash radionuclides from containment atmosphere. 

Additional Requirements: None 
Comments: A very large industrial experience base exists with diis technology. 

Refaences/Contacts: 

1. Fire Protection Handbook. 14d» Ed., National Fire Protection Association, Boston, 
Massachusetts (1976). 

2. C. D. Sawyer, private communication to C. W. Forsberg (October 13,1989). 

Update/Compiler Feb. 1989/RLP 

Table 1. Standard temperature ratings of automatic sprinklers 

Max. safe 
ceiling 

Rating Desired operating temps. temp. 
<°F) T 

Ordinary 135°, 150°, 160°, 165° 100P 

Intermediate 175°, 212° 15(f 

High 250°, 280°, 286° 225° 

Extra high 325°, 340°, 350°, 360° 300P 

Very extra high 400°, 415° 375° 

Very extra high 45(f 425° 

Very extra high 500P 475° 
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TITLE: CONTAINMENT PRESSURE CONTROL: ICE CONDENSERS 

Functional Requirement: Level 3.1.2 Control Energy in Containment 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Pressurized-Water Reactor (PWR) 

Organization: Vendor (Westinghouse) 

Examples of Implementation: Ice condensers have been used in a number of Westinghouse-
designed PWR reactors, such as the two-unit, Tennessee Valley Authority (TVA) Sequoyah 
Nuclear Power Plant Each of these units is rated at 3595 MW(t). 

Description: An ice condenser can be used to suppress containment overpressure after a 
postulated loss-of-coolant accident (LOCA). Its primary function is to rapidly cool and 
condense the steam-air mixture, thus acting as a passive heat sink to absorb die released 
energy. This heat sink, located inside the primary containment, consists of a suitable 
quantity of borated ice in a cold storage compartment 

In a typical application using an ice condenser1-2 the containment building is divided into 
three volumes: a lov-'<»r volume that houses the reactor and the reactor coolant system, an 
intermediate volume housing the ice condenser, and an upper volume that accommodates 
the air displaced from the other two volumes during an LOCA (see Fig. 1). 

The ice bed, which is the heat sink of the ice condenser, is a completely enclosed 
compartment located around the perimeter of the upper compartment of the containment. 
It penetrates the operating deck so that a portion extends into the lower compartment of the 
containment (see Fig. 2). The lower portion has a series of hinged doors exposed to the 
atmosphere of the lower containment compartment that are designed to remain closed 
during normal plant operation . At the top of the ice condenser are another set of doors 
exposed to the atmosphere of the upper compartment, which remain closed during normal 
plant operation. 

The ice is held within the ice condenser in baskets that are arranged to promote heat 
transfer from the steam to the ice. A refrigeration system maintains the ice several degrees 
below the freezing temperature, and insulation surrounding both ice baskets and 
refrigeration ducts serves to minimize the heat conduction through the ice condenser 
enclosure. 

In the event of an LOCA or a secondary-steam system rupture, the door panels located 
below the operating deck open almost immediately due to the increased pressure in the 
lower compartment caused by the escaping steam. The open doors allow the air and steam 
to flow from the lower compartment into the ice condenser. The resulting buildup of 
pressure in the ice condenser causes the door panels at the top of the condenser to open 
and allows the air to flow out of the condenser into the upper compartment. The steam is 
condensed in the ice condenser compartment, thus limiting the peak pressure in the 
containment. Condensation of steam within the ice condenser results in a flow of steam 
from the lower compartment to the condensing surface of the ice, thus reducing the time 
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that the containment is at an elevated pressure. The dividing barrier separates upper and 
lower compartments and ensures that the steam is directed into the bottom of the ice 
condenser. 

The ice is made in ice machines diat are mstalledta an aux^ It is generated in 
flake form for ease in handling and is moved into the containment vessel through a 
normally closed penetration by a pneumatic conveying system. The system feeds ice to a 
loading head, which is positioned by the bridge crane, through removable tubes in the 
plenum. The ice condenser design parameters for TVA's Watts Bar nuclear power station 
(now under construction) are shown in Table 1. 

Alternative Versions: None 

Status of Technology: Ice condensers are installed in many Westinghouse-designed 
PWRs, including Units 1 and 2 at TVA's Sequoyah Nuclear plant, which began operation 
in 1980. 

Advantages: 1. Containment overpressures due to an LOCA are reduced within a few 
minutes to a few psi, thus reducing the probability of fission product 
release from containment 

2. The ice condenser performance is only slightly sensitive to blowdown 
rate and blowdown energy within the ranges of interest. 

3. Large reductions in heat transfer surface area of the ice do not 
significantly affect ice condenser performance. 

4. Usii.g ice as a heat sink instead of water is more mass-efficient 
because melting ice requires an extra 79.7 cal/g. 

5. The ice condenser is a static device, does not require any power 
source, and its operation during an accident does not depend upon the 
functioning of any other systems. 

Additional Requirements: None 

Comments: None 

References/Contacts: 

1. Preliminary Safety Analysis Report. Sequoyah Nuclear Plant, Tennessee Valley 
Authority, Docket-50327--1, Volume 1 (1968). 

2. Preliminary Safety Analysis Report. Watts Bar Nuclear Plant, Tennessee Valley 
Authority, Docket-50390--3, Volume 2 (1971). 

Update/Compiler: Feb. 1989/RLP 
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Table 1. Ice Condenser Design Parameters for Wcsmghousc Ice Containment 

MSSS power, MWt 

Design Energy Release to Containment 

3596 

Initial Mowdown mass release, lb 
Initial Mowdown energy release, Btu 

516.000 
351.7 x Vfi 

Allowance fix-undefined energy release 
in addition to core residoal heat, Btu 50x10* 

Reactor Containment Volume (net fiee volume) 
Upper Compartment, ft3 716,000 
Ice Condenser, ft 3 126.940 
Lower Compartment (active), ft3 301,250 
Total Active Volume, ft3 1.14419 x l O 6 

Lower Companment (dead-ended), ft3 98,930 
Total Containment Volume, ft3 1343 x 10 6 

Reactor Containment Air Compression Ratio* 

Ice Condenser parameters 
Weight of ice in condenser, lb 

Dimensions of ice condenser 
OJX, ft 
I.D., ft 
Average length, ft 
Depth (less insulation panels), ft 
Ice bed height, ft 
Inlet door flow area, ft2 
Ice condenser flow area, iO-

Ice condenser inlet door opening pressure, Ib/ft2 
Ice boron concentration, ppm boron 

Refrigeration cooling capacity 
Installed cooling capacity for compartment, tons 
Maximum compartment heat gain, tons 
Total cooling capacity for plant, tons 
(Capacity shared by two units) 

1.43 

2.45 x 10* 

115 

89 
267 
11 
48 

1000 
1326 

1.0 
2000 

50 
35 

150 

•Defined as (Total Active Volume)+(Upper Compartment Volume plus 0.645 x Ice 
Condenser Volume). 

3 of 5 



11-60 

ORNL DWG 88-15006 

LOWER 
COMPARTMENT 

PUMP 

REACTOR 

PRIMARY 
CONTAINMENT 
VESSEL 

INTERMEDIATE 
ICE CONDENSER 
COMPARTMENT 

Fig. 1. Interiordesignofprimary containment vessel. 

4 of 5 



11-61 

ORNL DWG 8 8 - 1 5 0 0 7 

BRIDGE CRANE — 

ICE BASKETS 

CONTAINMENT SHELL 

TOP DECK VENT DOORS 

FAN COOLER UNITS ( 2 0 ) 

ICE COMPARTMENT 
VENT DOORS 

CRANE WALL 

UPPER CONTAINMENT 
VOLUME 

JL 
OPERATING DECK 

a 
iNLET DOORS 

FLOOR INSULATION 

LOWER CONTAINMENT 
VOLUME 

Fig. 2. General arrangement of ice condenser. 

5 of 5 



11-62 

TITLE: CONTAINMENT COOITNG WITH EXISTING AND AUGMENTED 
HEAT CAPACITY OF CONTAINMENT 

Functional Requirements: 3.1.2 Control Energy in Containment 

SUctyTvpe: Inherent 

Devetopmental Status 1. Commercial 
2. Demonstrated (See comments) 

RmtnrTYiy Light-water reactor (LWR) 

Organization: Vender 03&W) arid Natior^ laboratory (Oak R 

Examples of Implementation: AllLWRs 

Description: In a postulated reactor accident, such as a loss^f-cool2nt accident (LOCA), 
large quantities of steam and other gases are generated tr^rnayAreaten containment 
mtegrity by overpressiuization of containment To protect the reactor containment, heat 
must be removed fiom the containment atrnosphere to coridense steam and cool inert 
gases. 

Containment atmosphere cooling cm be done by transferring heat from containment to 
the environment (multiple methods are described m this repon) or by tismg the heat 
caparitycftheeqwpmentandcontaininems^ Allreactor 
containment systems use both approaches to cool containment gases. 

Radioactive decay heat decreases rapidly with time; thus, if the heat capacity of the reactor 
structure can absorb heat quickly, the size of the amtamrnent cooling system needed to 
dump heat to the environment can be small At sufficiently tow rates of decay heat 
removal from containment to environment, the heat can be conducted through containment 
walls. For a typical 1000 MW(e) pressurized-water reactor (PWR), the heat capacity of 
20% of the power plant concrete, if heated to 50°C, equals 800 MWh. This is sufficient 
heat capacity to absorb total nuclear decay heat for hours after a postulated reactor 
accident 

The actual heat absorbed by the heat capacity of the fac^ty depends upon ihe particular 
facility design. In many cases, much of the containment heat capacity is not available. The 
containment is composed of many reinforced concrete walls from 1 to 8 ft in thickness. 
The rate of heat conduction into these walls is stow. It takes from 2 to 140 h (see Table 1) 
for the center of these walls to reach half the temperature rise of that on the surfaces of the 
walls. In practical cases, heat transfer, not heat capacity, limits the use of building heat 
capacity to absorb heat 

Alternative Versions: A number of design innovations have been proposed to better 
utilize the heat capacity of the facility by improving heat transfer from containment 
atmosphere to containment structures. Two examples are described herein: 

1. Improved Heat Transfer with Mass Concrete 

Heat transfer between containment atmosphere and building structures can be 
improved as shown in Fig. 1. The design innovation consists of (1) replacing the 
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vertical steel rebar in the concrete walls with steel pipe, (2) connecting the tops of 
the pipe with pipes going to the surface of the concrete walk, and (3) connecting 
die bottoms of die pipe widi pipes going to die surface of die concrete walls3'4. 

The steel pipe provides die structural strengdi in die place of die rcbar. In die case 
of an accident, hot air/steam would (1) enter the tops of die pipes, (2) be cooled by 
Jie cold concrete, and (3) exit as an air/water mixture from die bottom openings in 
die pipe. In effect, tfiere would be natural circulation flow of gases duough die 
tubing, widi hot gases entering at die top and cool gases leaving at die bottom. 

Widi dus approach, all walls appear to be dun widi respect to heat conduction. 
Instead of beat being conducted duough 1 to 4 ft of concrete to reach die center of 
die wall, it needs to be conducted dirough less dian a foot of concrete. This results 
in rapid cooling of containment air by heating of die concrete. 

There is some relevant experience in a related field diat uses a somewhat smrilar 
technique. In building very large dams such as Glen Canyon Dam (concrete > 
15-m duck), it is nc-^ssary to control concrete temperatures while die concrete 
cures to obtain die desired strengdi. This is done by embedding piping in die 
concrete and pumping cold water dirough die tubing to control die temperature as 
die concrete cures. The tubing acts as bodi a short-term cooling coil and a long-
term rebar in die concrete. 

2. Pebble Bed 

For some advanced reactors, it has been proposed to include gravel beds widiin 
containment to condense steam after an accident5 Figure 2 shows die Babcock and 
Wilcox B-600 PWR conceptual design. In dus design, gravel beds surround die 
primary reactor system. Gravel size is chosen to maximize heat transfer and allow 
rapid condensation of any escaping steam. The gravel beds can serve multiple 
purposes: condense steam, trap radionuclides, and provide radiation shielding of 
di? primary system. 

Advantages: 1. Inherent safety found in all reactors. 
2. Multiple approaches exist to upgrade die capabilities of building heat 

capacity to cool containment air. 

Additional Requirements: None 

Comments: Several studies have been done on die heat capacity ffects of building 
structures on containment temperature control. Only limited wont has been done on how 
to further augment this phenomena. For small reactors, available heat capacity is 
sufficient to cool containment. As die reactor becomes larger in size, dus *s no longer 
true because interna! containment surface areas for heat transfer are less per uni: of power 
output for larger reactors. 

References/Contacts: 
1. I. Haarala and T. Kukkola, "Passive Safety Features in VVER-440 Type Plant 

Design for Finland," IAEA Technical Committee Meeting on Passive Safety 
Features in Current and Future Water-Cooled Reactors. Moscow USSR, 
March 21-24,1989. 
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2. P. S. Ayyaswamy, J. N. Gjtaivgv«v(J JC- K~ Niyogi, "Reactor Containment Heat 
Removal by Passive Heat &cbs Foitowinig ALoss-of-Coolant Accident,'' Nuclear 
l H ± n p J o ^ 3 3 , p . 2 4 5 ( ^ i a n k ^ 

3. CW. Fbrsbcrg, "Report c^Bpswbl&Inv^tion or Discovery: Passive Short-Tenn 
Cooling for Nuclear Reactor GQ&j£om£&' Martin Marietta Energy Systems, Inc4 
Oak Ridge National Laboratory (Oct &19S7). 

4. U.S. Bureau of Reclamation, Pesigff cf Arrft Pang; Design Manual for Concrete 
Arch Dams. U.S. Department of the Interior, 19̂ 77. 

5. Inttfnatinnal Ammir Pm^ry Ap>nrv, S r m ftf AdY3f^ Technology and Design 
for Water-Conled Reactors: Ufo^a^Icac l fr? . tAEA-TECDOC-479 (19881. 

6. G.E.Kulynych and J. E Lemon, "Babcockand itticox Advanced PWR 
Development," Nuclear Europe. 4, p. I? #986). 

Update/Compiler: Mav 1989/CWF 

Table 1. Time for concrete centerline wall temperature to incieasebyhalf thatof the 
surface wall temperature^ °) after instantaneous surface temperature rise 

Thickness of wall Time to respond 
(ft) (hr) 

1 2.1 
2 8.5 
3 19.1 
4 33.9 
5 53.0 
6 76.3 
7 104.0 
8 136.0 

aphysicalI properties: Cp = 0.156 Btu/lb°F; P = 150 lb/ft3; k = 1.05 Btu/hr-ft°F. 
^Equation: Hours = 2.12 x (wall thickness in ft)2. 
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TTTLE: HEAT PIPES FOR REACTOR CONTAINMENT COOLING 
OR REACTOR CORE DECAY HEAT REMOVAL 

Functional Requirements: Level 123 Transport Heat to Ultimate Heat Sink 

Level 3.1.2 Control Energy in Containment 

Safety Type: Passive 

Developmental Sprus: 2 Demonstrated 

Reactor Type: Light -Water Reactor (LWR) 

Organization: University (University of California) 

Examples of Implementation: None 
Description: Heat pnpes ire devices that transfer heat from one portion of a sealed pipe to 
another portion by a process of evaporation and condensation using i circulating fluid 
(See Fig. la).1 The phase change from liquid to gas in the evaporator section of a heat 
pipe absorbs heat, the gas inside the pipe flows from the evaporator zone to the 
condenser zone because of the difference in die gas pressures. The heat is then rejected as 
the gas is condensed back to a liquid in the condenser section of the heat pipe. In order 
not to limit the rate of heat transfer, the liquid is returned from uw condenser section to the 
evaporator section of the heat pipe by capillary forces through a porous wick and/or by 
gravity assistance. When the heat sink is parallel or below die heat source, wick action is 
used to move die liquid from die condenser to die evaporator section (see Fi«?. lb). The 
preferred type of wick is a screen-covered surface with small capillary grooves cut into the 
wall. Gravity-assisted heat pipes, which have die condenser above die evaporator, can be 
used whenever unheal source is at or below die heat sink, as shown in Fig. lc. Heat 
transfer is improved by placing fins on die evaporator and condenser surfaces. 

For reactor containment cooling, die evaporator section of die heat pipe must be exposed 
to die containment atmosphere. There are diree possible heat sinks for the condenser 
section of a heat pipe: (1) the earth, 2' 3 (2) water (see SSC description: Cooling Ponds), 
and (3) die atmosphere as described herein. A water sink requires die smallest surface 
area for the beat pipe condenser section; the earth requires the largest surface area for the 
neat pipe. 

Conceptual designs of reactor containments have been developed using heat pipes for 
post-accident containment cooling (see Fig. 2). 4 Table 1 summarizes one of these 
designs. Heat pipe technology may also be used to remove decay heat from die reactor 
core or any other source of heat inside die reactor containment. 

Alternative Versions: Heat pipes can be designed to remove heat only above a set 
temperature. This is important in LWRs located in colder climates where it is undesirable 
to remove containment heat in die winter during normal operation oi the plant. The 
principle of operation is as follows: die heat pipes are loaded with a quantity of gas that 
will not condense at the normal operating temperature. This noncondensable gas is swept 
into the condenser section of the heat pipe where it forms a gas plug. This gas plug 
represents a diffusion barrier to the flowing vapor and shuts off the portion of the 
condenser that it fills. When the vapor temperature and die corresponding vapor pressure 
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ate increased, such as would occur in a reactor accident, die noacondensable gas is 
compressed into a smaller volume. Under such circumstances, more of the condenser 
surface becomes available for beat transfer. 

Heat pipes can be a transport mechanism to an ultimate heat sink for most types of 
emergency core cooling systems. They are a generic heat removal system where die 
evaporator zone of die heat pipe can be incorporated into any heat exchanger. 

Status of Technology: Heat pipes have been used for many industrial applications. For 
example, diey have been used for over a decade as part of die vertical support system of 
die Trans-Alaska Pipeline. Indus application, dicy were designed to transfer heat from 
die tundra to die aboveground portion of UK pipeline. Heat pipes have not been used for 
LWR applications. 

Advantages: 1. Heat pipes canoe designed to begin removing heat at a preset 
temperature and to operate under specific contaimnem conditions. They 
can be designed to remove a -' accidental heat load. 

2. Heat pipes have no moving parts and require no external power for 
operation. 

3. Heat transfer systems using beat pipes require two breaks before a failed 
heat pipe would provide a route for escape of containment gases into die 
environment 

4. The technology for construction of die heat pipes needed for diis 
application is available. 

Additional Requirements: None 

Comments: None 

References/Contacts: 
1. S. W. Chi. Heat Pipe Theory and Practice, a Sourcebock. McGraw Hill Book 

Company, New York (1976). 

2. V. C Mei, Horizontal Ground-Coil Heat Exchanger Theoretical and Experimental 
Analysis. ORNL/CON-193, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(December 1986). 

3. L. H. Goldish and R. A. Simonelli. Ground-Source and Hydremic Heat Pump 
Market Study. Electric Power Research Institute, EM-6062, November, 1988 

4. A. A. Ahmad, I. Catton, et al., PWR Severe Accident Delinearion and Assessment. 
NUREG/CR-2666 (UCLA-ENG-8284), University of California, Los Angeles, 
California (January 1983). 

Update/Compiler: Dec. 1988/RLP 
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Table 1. Conceptual desgn of a beat-pipe-cooled coiu^rin^^ 

Value Value 

1 

Reactor type PWR 
Reactor power 3000 MW(t) 

223 MW(t) (0.75% of full power) lotaineatit^ecuonnue 
3000 MW(t) 
223 MW(t) (0.75% of full power) 

Heat sink Air 
External containment conditions 

Ainbieitt air temperature 25°C 
Wind velocity 3m/s 

Internal containinent conditions 
Temperature 136°C (47 psi steam) 
Atmosphere 

Air 20% 
Water (steam) 80% 

Total heat pipe containment peueiiatiop area lm2 
Number of heat pipes 100 
Design See Fig. lc 
Heat pipe characteristics 

Fluid Water plus noncondensible gas 
Vapor temperature 100°C 
Material of construction Austenitic steel (Type 304 SS) 
Pipe dimensions 

Inside diameter 11.3 cm 
WaU thickness 3mm 
Evaporator Length 13.3 m 
Condenser length 11.35 m 

Evaporation fin characteristics 
Number of fins 36 
Material of construction Aluminum 
Rectangular fin dimensions 

Length 13.3 m 
Height 3.73 cm 
Thickness 5mm 

Condenser fin characteristics 
Fin Frequency 1.5 fins/cm 
Material of construction Aluminum 
Annular fin dimensions 

Outside diameter 34 cm 
Inside diameter 11.9 cm 
Thickness 2.5 mm 
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TITLE: HIGH-HEAT CONDUCTION REACTOR CONTAINMENT FOR 
CONTAINMENT COOLING 

Functional Requirement: Level 3.1.2: Control Energy in Containment 

Safety Type: Passive (See comments) 

Developmental Status: 1. Commercial (See comments) 

2. Demonstrated (See comments) 

Reactor Type: Light-water Reactor (LWR) 

Organization: Vendor (Multiple) 

Examples of Implementation: None 
Description: A high heat conduction reactor containment cooling system can provide an 
ultimate heat sink to remove heat from containment after a postulated reactor accident 
This helps assure containment integrity by lowering containment temperatures and by 
reducing containment pressure. Containment pressure reduction occurs by bom 
condensation of steam and cooling of noncondensable gases. 

All containments lose heat by heat conduction from the inside of the containment to the 
atmosphere. For smaller reactors (several hundred megawatts), this is sufficient to cool 
the containment aftei t postulated reactor accident As power reactor size increases, the 
surface area of the coir Jiment for typical designs does not increase as rapidly as the 
reactor power levels. For larger reactors, either other methods of reactor containment 
cooling must be used or the reactor containment design must be modified to maximize heat 
transfer from containment to environment Several methods to enhance containment 
cooling by heat conduction through the containment have been proposed. 

One passive method to enhance containment cooling is to fabricate the containment 
structure out of a material with a high thermal conductivity such as a steel. The use of a 
metallic cc ntainment structure with natural convection air cooling has been considered for 
various reactor designs l. Some early reactors2 also had containments where significant 
quantities of heat were removed by natural air circulation over a steel containment For 
example, Indian Point 1 h?? a spherical steel containment with an external concrete 
biological shield. This annulus is vented to a stack with good natural draft cooling. 

A second method for use with concrete containments is to take advantage of the variation 
in the thermal conductivity of concrete with composition to build a containment structure 
with higher thermal conductivity. Improvements in the thermal properties of concrete are 
possible by the use of metallic materials and other special aggregates. 

An example of a passive containment cooling system is shown in figure 1. Air inlet vents 
near the top of the shield building direct air around the baffles and over die metal 
containment to transfer the heat from the reactor containment to the environment as shown 
in figure 1. The system is designed to operate by natural convective flow of the air. 

Early in an accident, the heat load on the containment will be high. This heat load 
decreases with time. Short-term containment cooling can be increased with a water 
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storage tank placed over the reactor containment vessel at the top of the shield building 
with a gravity feed system that directs cooling water over the steel containment structure. 
Hie water spray provides additional steel containment shell cooling by evaporation of 
water on the steel containment shell lowering its temperai jre early in a postulated accident 
when heat loads are particularly high. As the reactor decay heat decreases, the water flow 
is reduced using a passive device in the water storage tank that takes advantage of the 
water level drop in the tank. Various techniques exist to activate such sprinkler systems. 

AlBmatiVC Vgsjfln; Many options. 

Status of Technology: Heat removal from containment by conduction is an SSC that 
exists for all reactor containments. Work being done at Westinghouse and elsewhere is 
developing methods to increase this mode of heat removal so it meets total containment 
cooling requirements for larger reactors. 

Advantages: 1. Heat conduction is passive in operation. 
2. Containment overpressure can be passively reduced. 

^Atitional Requirements: None 

Comments: For small reactors, heat conduction out of containment is an inherent safety 
feature. For larger reactors proper air flow by the containment is needed to remove the 
larger quantities of heat. The need for air flow channels makes the technology a passive 
technology for larger reactors. For very large reactors, insufficient surface area exists to 
passively cool the containment with this approach. Cooling can be augmented with 
passive heat pipes or other devices. 

References: 

1. R. Adinolfi, L. Noviello, "Passive Systems Considerations for Light Water 
Reactors," International Atomic Energy Agency, Technical Committee Meeting on 
Passive Safety Features in Current and Future Water-Cooled Reactors, Moscow, 
USSR, March 21-24,1989. 

2. Consolidated Edison, Preliminary Safety Analysis Report for Indian Point I, 
Docket 50-3 

3. P. S. Ayyaswamy, J. N. Chung, K. K. Niyogi, "Reactor Containment Heat 
Removal by Passive Heat Sinks Following a Loss-of-CooIant Accident," Nuclear 
Technology, Vol. 33, Pg. 243-247, May 1977. 

Update/Compiler: May 1989/WJR 

2 of 3 



11-74 

ORNL DWG 89A-404R 

AIR 
BAFFLE 

AIR 
SPRINKLER WATER 
STORAGE TANK 

•' • • ' - • V . ' l 

u 

STEEL REACTOR 
CONTAINMENT 

o 
^ H n f a _ B ^ a M h 

Fig. 1. Passive containment cooling. 

SHIELD 
BUILDING 

3 of 3 



12-1 

CHAPTER 12 
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Table 12.1 Structures, Systems and Cbmponents to Trap 
Radionuclides: Function 3.2 

Description Title 

Metal Pressure Vessel in Pool 

Cooling Ponds 

Vacuum Containment 

Passive Hard Vacuum Containment System 

Containment Pressure Control-Suppression Pools 
and Bubbler Condensers 

Water-Coolabte Core Catcher 

Containment Pressure Control by Pressure Activated 
Water Sprinklers 

Temperature Activated Water sprinklers for Steam 
Condensation and Accident Mitigation 

Water/Steam in Post-Accident Environment 

In-Containment Post-Accident Water Collection 

Core Melt Source Term Reduction System 
(COMSORS) 

Function 
Location of 
Description Page 

3.2 Chapter 6 6-38 

3.2 Chapter 6 6-75 

3.2 Chapter 11 11-19 

3.2 Chapter 11 11-24 

3.2 Chapter 11 11-29 

3.2 Chapter 11 11-44 

3.2 Chapter 11 11-49 

3.2 Chapter 11 11-54 

3.2 Chapter 12 12-3 

3.2 Chapter 12 12-5 

3.2 Chapter 12 12-7 
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TITLE: WATER/STEAM IN POST- ACCIDENT ENVIRONMENT 

Functional Requirements: 3.2 Trap Radionuclides 

Safety Type: Inherent 

Developmental Status: 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Multiple 

Examples of Implementation: AllLWRs 

Description: In a postulated reactor accident, the release of radkmuclkles trun the core to 
contaiimient depends upon uwfcalenvironrnenL In a water-cooled reactor, die post-
accident environment will contain steam and water. The accident at Three Mite Island 
(TMT) and experiments since then indicate triat the presence of water to a post-accident 
environment reduces the release of all radionuclides except noble gases by several orders 
of magnitude compared to expected releases of radionuclides in a postulated accident 
without water. The accompanying references summarize these observations. The 
mechanisms responsible for this effect include dissolution of particular radionuclides 
(such as iodine) in water, sedimentation aided by growth of hygroscopic particles, and 
chemical reactions aided by the presence of water. 

The importance of this inherent safety mechanism was not fully recognized until after the 
TMI accident, where the radionuclide releases to die environment from die accident were, 
for some radionuclides, orders of magnitude lower than assumed for some radionuclides, 
and the radiation levels in containment were lower than expected for such an accident 

Alternative Versions: This inherent safety mechanism is a characteristic of LWRs. 
Certain design features such as sprinklers in containment can (see: Temperature Activated 
Water Sprinklers for Steam Condensation and Accident Mitigation) augment this inherent 
safety characteristic. Traditionally, devices such as sprinklers in containment functioned 
to condense steam and reduce containment pressures. Design changes to augment this 
safety characteristic are possible. 

Status of Technology: Commercial 

Advantages: Inherent characteristic of LWR 

Additional Requirements: None 
Comments: Water in containment reduces the source term; but, if mere is insufficient 
containment cooling, the water is converted to steam and can over pressurize the 
containment. 

References/Contacts: 

1. F. J. Rahn, The LWR Aerosol Containment Experiments (LACE) Project. Electric 
Power Research Institute, NP-6094D, November, 1988. 
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1 American Nuclear Society, Transactions: fateroational Conference on Nuclear 
Fission: Fifty Yean of Progress in Energy Security and Topical Meeting onTMI-2 
Accident: Materials Behavior and Plant Recovery Technology," 5L Oct 30-
Nov. 4,1988, Washington, D.C 

3. M. F.Osborne, J. L. Collins, and R. A. Lorcnz, "Experimental Studies of Fission 
Product Release from Commercial Light-Water Reactor Fuel Under Accident 
Cnndirinns." Nncl. TechriL. 78. 157 (Aug. 1987). 

4. J. Jokiniemi, "The Growm of Hygroscopic Particles During Severe Core Melt 
Accidents,- NucLTechoL. & 16 (Oct. 1988). 

5. KlF.Albert,J. S.WatscM, and R. P. WkAiw.TTie Adsorption of Gaseous 
Iodine by Water Droplets," Nncl. Technol 7J, U\ (May 1987). 

6. A.W.CrooenbergaiidD.J.Ose«ek,"Reactk»KineticsofIodiiK 
Steam/Hydrogen Mixtures," Nncl. Techno'.. 8 i 347 (June 1988). 

7. R.D.Spence and A. L. Wright, "The Importance of Fission Production/Aerosol 
Interactions in Reactor Accident Calculations," Niicl. Techno!.. 22,150 (May 1987). 

8. Niicl. Technol. (Entire issue). 53. (May 19811 

Update>T/impiler May 1989/CWF 
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TiTLE IN-OONTAINMENT POST- ACCIDENT WATER COLLECTION 

Functional Requirements: 3.1.2 Control Energy in Containment 
3.2 Trap Radionuclides 
1.2.2 Maintain Core Coolant Makeup 

Safety Type: Passive 

DevetopmcntaLSQas: 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organiraiion: Vendors 

Examples of Implementation: This system exists in many reactors. In many cases, it was 
not designed as a safety system but later was recognized as a desirable design feature. 

Description: A containment post-accident water collection system is designed to collect 
water that is in containment after an accident and is used for emergency core cooLng and 
accident mitigation, ma postulated LWR accident, water and steam would fill the 
containment Much of the steam would condense to water due to condensation on cool 
surfaces and from in-containment air coolers. Emergency systems such as sprinklers and 
emergency core-cooling systems may add additional water to containment. 

With appropriate design, this water can 

1. Provide a water source for emergency core-cooling systems. 

2. Flood the area bebw the reactor vessel. If a core meltdown occurs, the pool of 
water will quench the molten core material flowing from the reactor vessel and 
reduce the release of fission products to the containment atmosphere. 

The design of such a system consists of several sets of components: 

• Sloping floors, floor trenches, and floor drains divert water on the floors 
anywhere in containment to a central holdup drain tank. 

• The holdup drain tank is a relatively small tank which is normally empty. It is 
used to collect water from normal spills and leaks during operations. Water 
from the tank can be pumped to water cleanup systems. The tank size is a small 
fraction of the water volume expected in containment in a post-accident 
environment. In the event of an accident, water flows to the holdup tank, which 
quickly fills and overflows to a larger water storage tank. 

• The larger water storage tank is a multipurpose tank. In a pressurized-water 
reactor (PWR), it may be the in-containment refueling water storage tank that is 
used as a water source for emergency core-cooling systems. In a boiling-water 
reactor (BWR), this tank may be the suppression pool in a design such as the 
Mark III containment (see: Reactor Containment Systems). The tank is 
normally filled with water. 
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In a post-accident environment, water from the holdup drain tank refills the 
storage tank if it is being emptied to provide water for emergency core-cooling 
systems or other purposes. If tank water is not being used, the storage tank 
overflows and floods die reactor cavity under the pressure vessel 

• With waterflow from the large water storage tank, die reactor cavity is flooded in 
a post-accident environment This pool of water quenches any molten core 
debris from the reactor vessel, (see: Water-Coolable Core Catcher). Note: The 
system allows for a normally dry reactor cavity during regular operations. 

Alternative Versions: Many design options 

Status of Technology: Commercial 

Advantages: 1. Provides passive method to flood under core location after extreme 
accident conditions. 

2. Very low cost, passive safety option. 

3. Provides source of water for other emergency systems. 

Additional Requirements: None 

Comments: None 

Rcfcrcnws/Comacts: 
1. Electric Power Research Institute, Advanced Light-water Reactor Requirements 

Document (Draft). 

Update/Compiler: July 1989/CWF 
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TITLE: CORE MELT SOURCE REDUCTION SYSTEM (COMSORS) 

Functional Requirement: Level 3.2 Trap Radionuclides 

Safety Type: Inherent 

Development Sjaflg: 2 (5, See Comments) Demonstrated 

RfUdfTTYIWr' Light-Water Reactor (LWR) 

Organization: National Laboratory (Multiple) 

ExjinpteoflrrptarieTnation: See Comments 

Description: Core Melt Source Reduction System (COMSORS) refers to a set of concepts 
10 fimttinuriinimreleare of aerosols aiidgasrc 
accident. If a reactrjr core indiaV>wn occurs, die molten core materia 
and begin 10 melt the concrete foundation structure. The chemical reactions and molten 
coreAancrcretemperatuns win determined^ 
aerosols generated by the core/concrete interactions and released to containment The 
generation of gases can pressurize tte containment and increase the potendal for containment 
failure. If containment fails, the quantities of radioactive aerosols and gases determine the 
maximum accident potentJaL If the containment does not fail, large quantities of radioactive 
aerosols and gases in containment will not only slow effor. > to stop an accident, but also 
cleanup after an accident. Use of a COMSORS, either as a separate engineered device or by 
selection of appropriate aggregate in die concrete, may allow the creation of a method to limit 
the maximum possible source term (radioactive gases and aerosols) by incorporation of 
molten core and other materials into a stable high-level waste (HLW) matrix. Tnis concept is 
based on two sets of experimental observations. 

1. The U.S. Nuclear Regulatory Commission, its contractors, and others1 -* have been 
investigating die physical and chemical mechanisms of a reactor core meltdown. This 
has included experiments where molten core materials have been poured onto various 
types of concrete used in nuclear power plants under the reactor core. The experimental 
studies show that die quantities of radioactive gases and aerosols generated and released 
by die molten core/concrete interactions vary widely depending upon concrete chemistry 
(see Fig.!). For example, concrete containing limestone aggregate causes high rates of 
radioactive gas and aerosol generation because the limestone decomposes at high 
temperatures and releases carbon dioxide gases. This gas generation creates aerosols 
and strips die more volatile fission products from die concrete/core molten bath. In 
contrast, concrete containing basaltic (volcanic) and granitic aggregates do not generate 
large quantities of gases and, hence, releases less radioactivity to the containment 
atmosphere when reacting witii core melt materials. 

2 There are major programs in die United States, Europe, and Japan for the solidification 
of HLW from reprocessing plants into stable, low-leach glasses. There are multiple 
requirements to solidify HLW.5 The glass must incorporate uranium, piutonium, and 
fission products into a stable chemical form. The glass must allow easy processibility 
and minimize generation of radioactive aerosols and gaseous fission products. 
Excessive aerosol or gas generation during solidification processes would result in 
operating difficulties and high costs for treating HLW plant off-gas streams. In 
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principle, the requirements to make HLW glass from reprocessing plant HLW, and the 
requirements to stop and solidify materials from a inotten reactor core meltdown, are 
similar. 

Detailed designs and experimental studies of GOMSORS lave not been olone for LWRs. 
Todaas, LWR studies have emphasized "cote-catchers," where die objective has been to 
prevent melt-through of molten core dtrough die bottom of tite reactor containment. 
COMSORS has tins as a subobjective, but includes odw objectives. Developmental work 
has been done on OOMSORS for gas-cooled Cast reactors6 for 1000 MWe power plants. A 
description of die proposed COMSORS for gas-cooled fast reactors is induded below to 
provide an understanding of die concept. The design would require modification for 
specific LWR conditions. 

The gas cooled fast reactor is a helium cooled reactor where the hehmn flows downwaid 
u^iou^ a core of stainkss steel clad UO2. A prestress concrete reactor vessel (PCRV) is 
used. Figure 2 shows die reactor and OOMSORS. 

In this specific case, OOMSORS consists of cooling coils in the Bner of die reactor vessel, 
a dun layer of graphite, and seven layers of stainless steel boxes filled widi borax 
(Na2B407). fa a reactor core mebacckk^(l)ftetoraxwiUiix^^ 
oxide and fission products to produce a "glass," and (3) absorb large quantities of he*L 
The borax/uranium oxide/fission product molten glass (wim meuing points between 7425 
and 9660C, depending upon chemical composition) spreads the heat load across die bottom 
of the pressure vessel. This reduces heat fluxes to manageable levels and aDows cooling of 
the molten core materials. The graphite acts to eliminate any localized hot spots. The 
stainless steel boxes prevent rapid penetration of molten uranium oxide to die graphite by 
providing higher temperature barriers. This provides the necessary time for die borax to 
dissolve and dilute die fuel 

Experimental studies have been conducted on tiiis particular system. For an LWR, die 
preferred material would probably be borax witii a ntixture of several odier glass formers. 
After an accident in an LWR, die probable availability of water used for cooling on top of 
die molten core materials may affect selection of COMSORS materials 

Alternative Versions: A conceptual description of an aa^aiiced COMSORS incorporated 
into die concrete structure is described herein. Under die reactor vessel (Fig. 3), a portion 
of the concrete mat has a specially controlled concrete mat dienucal cornposition. The 
concrete contains a mixture of different aggregates. The aggregates are chosen so diat 
when die various aggregates, cement, steel rebar, and core materials melt, a waste glass 
that incorporates the core materials is created. The glass contains one or more aggregates 
containing neutron poisons 10 prevent any possibility of a crirjcality accident. The glass 
chemical composition is chosen to have a very high affinity for volatile fission products. 
The aggregates are chosen to minimize gas generation upon melting and, hence, minimize 
aerosol formation. The glass also has a high surface tension to minimize aerosol 
generation. 

The depth and width of die concrete mat with die special concrete aggregate is chosen to 
contain die reactor core. A heat balance exists between radioactive decay heat and (1) heat 
needed to melt die concrete and (2) heat conducted out or removed by other mechanisms 
from die molten core/concrete matrix. Eventually, heat conduction out of die waste matrix 
will exceed heat generation and die core/concrete matrix will begin to solidify. The special 
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aggregate concrete mat is sized to exceed the maximum vohaw of me mohtt core/concrete 
matrix and the area is chosen to maximize cooling, fa particular, die top surface area is 
large enough so mat if water is available, it will cool and solidify me waste matrix if it is 
poured on top of me waste matrix. 

The cmcreteaggtegate is a relatively low-meh^ Low melting 
points are desirable for multiple reasons: 

1 A tow inciting waste matrkv/fflqiricHy spread the anltencoreAxMueteinaterialovcr 
a wide area under me reactor. Thuinyroves beat tnmsfer and coc4s me matrix to 
quickly form a solid. 

2 A low ariting waste matrix iniiimB7CT gas and ae 
First, the rate of release of semwolatile radioactive gases is ifjnpciaiiiie dependent 
Lower tnnpenuures imply less gas release. Second, the rate of ieJeare of senavolatfle 
radioactive gases is dependent on the coni*ittatkin of those niaterialsm the waste 
matrix. Diluting me core material reduces the fractional reteare of radnactive 
materials. 

Sams of Technology: Based on experimental evidence* existing concretes have widely 
differing responses if a inomuicoreAxx^ciete interaction occurs. Reactor source terms from 
coreAxwcicte interactions vary widely. Clearly, some existing concretes under reactors are 
preferable to outers. Thetechnology can be said to be already applied, although its 
application was unintended. 

For a number of advanced LWRs,7 die use of core-catchers is planned. For example, die 
Asea Brown Boveri-Atom, [a 1000 MWe boiling-water reactor (BWR)], Model BWR-90, 
incorporates a core-catcher into die design. The above technology udirecdy applicable. 

There are multiple COMSOR options, such as die specially engineered structures that have 
been proposed for the gas-cooled fast reactor or for modifirarion of concrete aggregate. No 
studies have been done to identify preferred options. 

Advantages: 1. Reduces maximum possible source term widi reduced maximum 
possible accident in the event of reactor meltdown and comainment 
failure. 

2. Reduces maximum possible source term with reduced challenge to 
containment (lower pressure and temperature) and lowered probability 
of containment failure. 

3. Reduces challenge to containment (lower pressure and temperature) and 
hence, may al'iw use of lower-cost containment buildings. 

Additional Requirements: None 

Comments: The historical design basis accident for LWRs was the so-called double-ended 
pipe-break accident. Reactor containments were designed to withstand this 
accident where the reactor containment filled with steam, but die emergency 
core-cooling system worked and there was no core meltdown. After die 
Chernobyl accident, a number of European countries adopted policies mat 
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reactor containments should withstand core melt accidents. Wimdiese 
regulatory requirements, the cove melt accident source tern may (but does not 
necessarily) control design of the reactor containment Under such 
orcurnstances, there may be large econoonc incentives to icdutcinaximum 
accident source terms. 

For advanced LWRs mat use PCRVs, this technology may be particularly 
attractive. 

References/Contacts: 

1. H P NnurhalA^ M Kliafih-Rah^ 
QiaiafleTirfgIn»CHMaj|m^ 
Conditions. NUREG/CR-4881 (BNL-NUREG-52QS9). (March 1988). 

2. D.A.Itowers,"ASun^ofMebInieiaafauWto 
Pmreedinp of the International Meeting ffll F«l R«?»cmr Safety Technology. Seattle. 
Washington, August 19-23,1979. 

3. A. Skokan and KHoDeclc, "Chemical Reactions Between Light-Water Reactor Core 
Melt and Concrete," Nucl. Techno!- & 255 (Dec 1979). 

4. M.Peehs, A. Skokan, and MReirnann, The Behavior of Concrete in Contact wim 
Molten Cerium in die Case of a Hypothetical Cons Melt Accident," Nucl. Technol.. 46. 
192 (Dec. 1979). 

5. W. G. Ramsey and G. G. Wicks. WIPP/SRL In Situ Tests-Part III: Compositional 
Correlations of MITT Waste Glasses. DP-1769, August, 1988. 

6. M. D. Donne, S. Domer, and G. Schumacher, "Development Work for a Borax 
Internal Core-Catcher for a Gas-Cooled Fast Reactor." Nucl. TechnoL. 39.138 
(July 1978). 

7. L. Fogclstrom and M. Simon, "Development Trends in die Area of Light-Water 
Reactors," Atomwirtschaft. p. 423 (AugVSept. 1988): ORNL/TR-88/38 (1988). 
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13. STRUCTURES, SYSTEMS, AND COMPONENTS: OTHER 

This chapter includes SSCs of functions that are identified in Fig. 1.3 but are not 

assodated wim radioactive materials from die reactor core. This includes storage of 

spent fuel at the reactor. Spent fuel is die second largest source of radioactivity at a 

nuclear plant The inventories of spent fuel may be sufficient to be the dominant source 

term when the reactor core is shut down. 
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Table 13.1 Structures, Systems and Components: Other 

Description Title 

Concrete Shielding 

Vault (Canyon) Storage or Spent Nuclear Fuel 

Sealed Cask Storage of Spent Nuclear Fuel 

Subsurface Drywell Storage of Spent Nuclear Fuel 

Function 
Location of 
Description Page 

Chapter 13 13-4 

Chapter 13 13-6 

Chapter 13 13-9 

Chapter 13 13-13 
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TITLE: CONCRETE SHIELDING 

Functional Requirements: Control direct radiation 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Multiple 

Examples of Implementation: Concrete shielding currently used on all PWRs and BWRs. 

Description: Reactor shielding in commercial LWRs can be divided into three general 
categories: (1) reactor vessel shielding, (2) secondary slrieldwgeirclaringte primary 
coolant system, and (3) biological shielding that forms the reactor building walls and 
floors and also surrounds the containment building. In boiling-water reactors (BWRs), 
drvwell walls and floors serve as secondary shielding. The secondary and biological 
shields are generally massive concrete walls several feet in thickness. The concrete 
shields, excluding penetrations (which are not considered here), are passive ?nd require 
no external power. 

Since concrete is a mixture of elements, its composition can vary. Concrete shielding is 
produced using either "ordinary" or "heavy" mixtures. Ordinary concrete is made using 
Portland cement; it primarily contains oxygen, and either silicon or cakuimdependwg on 
whether the aggregates are granite, sandstone, or limestone. It has a density of 2.2 to 2.4 
g/cm3 and is an especially effective attenuator when used in conjunction with steel or other 
heavy material. Heavy concrete uses aggregates such as limonite, magnetite, barytes 
(barium sulfate), and steel in such forms as shot, punchings, sheared bars, etc. Heavy 
concrete, although considerably more expensive and requiring special pouring procedures, 
has a density of 3 to 6 g/cnA allowing smaller-volume shielding structures for a given 
level of attenuation. 

Shielding is used to provide protection from neutrons and gamma radiation. It may be 
used to (1) slow down fast neutrons, (2) capture neutrons whether fast or slowed down, 
and (3) attenuate primary and secondary gamma radiation. Secondary radiation is 
generated by interactions between neutrons and nuclei in the shield. Whereas water is an 
excellent fast neutron attenuator but a poor gamma ray attenuator, and lead is an excellent 
gamma ray attenuator but a poor neutron attenuator, concrete, because of its mixture of 
elements, provides useful shielding from both neutrons and gamma radiation. Low cost 
and ease of construction have made it a primary shielding material for commercial power 
plants. 

Extensive industry experience with concrete shielding has made it possible to design 
shields that provide the required attenuation in a minimum volume using analytic and 
semianalytic procedures, experimental data, and comparisons to other reactor and shield 
designs. 
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Alternative Versions: Since there is no "standard" ordinary or heavy concrete composition, 
die type of aggregate, cement, filler, and additives used may be varied to attain the desired 
structural and shielding properties. 

Boron is used to increase the neutron shielding effectiveness of concrete, especially for 
low-energy neutrons. It also acts as a suppressor of secondary gamma rays. Boron may 
be added to the concrete in the aggregate (U., cotemanite, pyrex glass, or boron frits), the 
cement, or the mixing water. 

La ordinary concrete, the water used for the netmonslueldmg is lost at temperatures 
exceeding 20CFF. For that reason high temperature concrete was developed where the 
mmeralserpentme preserves the hydnued water to temperatures exceeding 90(PF. Alsoat 
high temperatures, hmnite cement is stronger than pordandL 

Status of Technology: A mature technology in common use. 

Advantage 
1. Shielding is passive, requiring no energy or activating mechanisms. 

2. Effective attenuator of neutron and gamma radiation. 

3. Highly reliable and durable. 

4. Ordinary concrete is relatively inexpensive. 

5. Adaptable to block or monolithic construction. 

6. Tolerant of particle bombardment 

7. Excellent structural properties - especially useful for containment buildings. 

Additional Requirements: None 

Comments: None 

References/Contacts: 
1. N. M. Schaeffer, Reactor Shielding for Nuclear Engineers. U.S. Atomic Energy 

Commission, Office of Information Services, TID-25951 (1973). 

2. R. G. Jaeger, E. P. Blizard et al., Engineering Compendium on Radiation 
Shielding, "Shielding Materials- Vol. 2 ", Springer-Verlag, New York (1975). 

3. S. Glasstone and A. Sesonske, Nuclear Reactor Engineering. D. Van Nostrand 
Company, Inc., (1967). 
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TITLE: VAULT (CANYON) STORAGE OF SPENT NUCLEAR FUEL 

Functional Requirement: Control Radiation from Materials and Equipment in Storage 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Multiple 

Examples of Implementation: A commercial vault system is being used at the Carolina 
Power and Light Co. R B. Robinson Nuclear Power Plant in Hartsville, South Carolina. 
A similar vault system will be used at the Duke Power Company Oconee arid to Baltimore 
Gas & Electric Calvert Cliffs Nuclear Power Plants. The IrradiatedFuel Storage Facility at 
the Idaho Chemical Processing Plant has been using a canyon dry storage facility to store 
high-temperature, gas-cooled reactor (HTGR) spent fuel and fuel from die Rover Nuckar 
Rocket Program since 1975. 

Description: Vault or canyon storage can be used to control die transport of radionuclides 
from spent nuclear fuel to die suiioundmg environment The primary function of vault 
storage is to provide adequate barriers to die release of radionuclides while passively 
cooling the spent nuclear fuel. The storage system will also provide radiation shielding, 
protect die spent fuel from damage, and allow easy retrieval of to spent fuel 

A vault storage system consists of a sealed metal basket or canister located inside an 
aboveground concrete vault or "canyon." The spent fuel assemblies are placed in a steel 
basket or canister while under water in die reactor storage pooL The canister is dien 
drained, sealed, dried, and leak tested. The canister is ton placed in some type of a 
storage vault or canyon diat is usually constructed of steel-reinforced concrete. 

The commercially available vault system used at the H. B. Robinson Nuclear Power Plant 
is known as to MTTECH Horizontal Modular Storage (NUHOMS) system. This 
system, shown in Fig. 1, uses concrete storage modules to contain to stainless steel spent 
fuel canisters. Canisters have been designed that will hold up to 24 PWR and 48 BWR 
fuel assemblies. The vault is designed with adequate air flow passages to provide passive 
convective cooling of to steel canisters. The NUHOMS system can accept fuel with a 
maximum bumup of 35,000 MWd/MTU and a minimum cooling time of 5 years. This 
would result in a maximum acceptable heat load for PWR fuel of approximately 1 
kW/assembly. 

Alternative Versions: Several Commercial systems are available. 

Status of Technology: Vault storage of spent fuel has been demonstrated. Commercial 
systems of various design are available. 

Advantages: 1. The spent fuel can be easily monitored and retrieved. 
2. Cooling is passive. 

Additional Requirements: None 
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Comments: The technology is currently being used ID expand spent fuel storage at 
existing reactors. The technology may be of interest for advanced reactors where limited 
spent fuel may be stored within the reactor pressure vessel. Out-of-rcactor storage of 
spent fuel in vaults for aged spent fuel may eliminate the need for spent fuel storage 
ponds. 

References: 
1. D. D. Orvis. C. Johnson. R. Jones. Review of Proposed Drv-Storage Concepts 

Using Probabilistic Risk Assessment. Electric Power Research Institute. EPRINP-
3365. February 1984. 

2. J. V. Massey, J. M. Rosa. M. Shamszad, S. S. Wang, and J. A. Maly, "Design of 
a Horizontal Concrete Module and a Dry Shielded Canister for Ure wan Irradiated 
Fuel Storage System." Proceeding of die Thud International Spent Fuel Storage 
Technology Syimrauin/Workshop. Vol 2. CONF-860417, KUTECH, Inc. 
San Jose, California, April 1986. 

3. P. A. Anderson and H. S. Meyer, Dry Storage of Spent Nuclear Fuel: A 
Preliminary Survey of Existing Technology and Experience, u . S. Nuclear 
Regulatory Commission, NUREG/CR-1223, April 1980. 
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TITLE: SEALED CASK STORAGE OF SPENT NUCLEAR FUEL 

Functional Requirements: Control Radiation from Materials and Equipment in Storage 

Safety Type: Passive 

Developmental Status: 1 Commercial 

RjejcjoxXyne; Light-waKx reactor (LWR) 

Ppniyation: Multiple 

Fxampif* of hnptanentanon: Sealed cask storage is used worldwide. In die United Slates, 
storage casks are used at die Virginia FJrctric Power Company's Suny Plant Canada has 
storage cask faculties for spent CANDUfueL In West Germany, storage casks are used at 
AeGorleben Monitored Retrievable Storage Facilities. The Gorieben site has a capacity of 
420 casks, wim equal size facilities at two ooVr legations. 

Demotion: Sealed cask or silo storage can be used to control die transport rfiadionurlides 
from spent nuclear fuel to die surrotmdmg environment. The primary function of sealed cask 
storage is to provide adequate barriers to die ictease of iadionucnoles while paaswdycooBng 
tespert nuclear fueL Tte storage system wiU also preside radiation s h ^ 
spent fuel, and, for certain cask designs, allow off-sitesrtipmem of the spent fuel. Spent fuel 
stored in a sealed cask system is easily retrievable. 

A typical cask storage system (as shown in Fig. 1) is similar in design to a rail-transported 
shipping cask, except rhat a cask storage system places gieater emphasis on capacity. Off-
site transport of the storage casks may be possible by placing rhe storage cask in an 
approved overpack, transferring the spent fuel to a transport cask, or by initially using a 
dual-purpose storage and shipping cask. 

Storage casks are loaded with spent fuel while under water in the reactor storage pooL The 
cask is tfien drained, sealed, dried, and leak tested. Tablet summarizes the storage and 
storage/transport casks available in the United States.4 

Alternative Versions: Many commercial versions are available (see Table 1). 

Status of Technology: The technology is cornrnercially available. 

Advantages: 1. Storage cask design can be integrated with shipping cask design. 
2. The spent fuel can be easily monitored and retrieved. 
3. The costs to expand die system are lower than for oUier storage systems 

such as a spent fuel pool. 
4. Cooling is totally passive. 

Additional Requirements: None 
Comments: 1. A number of commercial storage and shipping and storage-only casks are 

available and are detailed in the report by Johnson and Notz.4 
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2. The tedmok^ may be of inttrest for advaMxdLWR reactor design 
where limited spent fuel may be stored within the reactor pressure vessel. 
Out-of-reactor storage of spent fuel in sealed casks for aged spent fad 
may efinanaie the need for spent fuel storage pools. 

Rriacnccs/Ctaafls 
1. D.DQnn^QJnliiiM^lLlniii^RevittwoflVDpoa^ 

NP-3365, February 1984. 

2 . P A AmlwtnninHH S M ^ IWStnrap rfSp^ fl^^Ppel- A PwJtiwnfy 

Commission, NUREG/CR-1223, April 1980. 

3. LK Wan and Z.S.Beau»,"Maiiageinem of Irradiated C ^ ^ 
Pickering Units U Retube," p 17.19, PmccttHnpofthefth Aimniirxinfimncenf 
ih» r.n^ti.n Marfear Society. ISSN 0227-1907, Ottawa, Canada, 1985. 

4. E-R InhnmtiMiHK J Nnt^ShippJnfaMSmrayer^kDatafnrSp^NaA^ 
B K L ORNL/TM11008. Oak Ridge National Laboratory, November 1988. 

5. J. o . Bkxneke, ARcricTrffldAjajy«tf faror^ 
HmffingLWR S O T Fuel i i a l V i ^ 
Oak Ridge National Laboratory, June 1988. 
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Fig. 1. Sealed cask storage of spent nuclear fuel. 
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TITLE: SUBSURFACE DRYWELL STORAGE OF SPENT NUCLEAR FUEL 

Functional Requirements: Control Radiation from Materials and Equipment in Storage 

Safety Type: Passive 

Developmental Status: 1 Commercial 

Reactor Type: Light-water reactor fLWR) 

Organization: Multiple 
Examples of Implementation: A large drywenfaeffity exists at the Idaho Cliemical 
Processing Plant (ICPP) at the Idaho National Engineering Laboratory. A drywel) 
demonstration facility was tested by Rockwell Hanford Operations in dw late 1970s. 
Drywell storage has been demonstrated for pressurized-water reactor (PWR) and boiling-
water reactor (BWR) fuel assemblies at the Nevada Test Site. 

Description: Drywell or dry caisson storage can be used to control the transport of 
radionuclides from spent nuclear fuel to die sunoundmg environment. The primary 
function of drywell storage is to provide adequate bairiers to die release of radionuclides 
while passively cooling the spent nuclear tueL The storage system will also provide 
radiation shielding and protect the spent fuel from accidental and intentional damage. 
Spent fuel stored in a drywell system will be easily retrievable. 

A typical drywell storage system1-2 consists of a steel or steel-lined concrete caisson with 
the bottom typically-25 ft below ground. The spent fuel assemblies are placed in a steel 
containment overpack that is dien placed in die underground caisson as shown in Fig. I. 1 

Next, a shielding plug is fitted above die fuel assembly overpack. Then, a steel or 
concrete cover is placed on top of die caisson. The caisson, typically 20 to 30 in. in 
diameter, is not considered a containment vessel and thus may have a vented or open 
bottom. The top cover is provided only for safety and safeguard purposes. The fuel 
cladding and overpack are considered die primary barriers to radionuclide release. 

The amount of heat dissipation is inversely proportional to die caisson diameter. The 
thermal conductivity of die soil will also affect the amount of heat dissipated. The decay 
heat from die fuel will dissipate; through die caisson barriers into die surrounding earth 
and, subsequendy, to die atmosphere. The air gaps between the overpack, the caisson, 
and the ground do not cause large temperature increases because heat transfer at higher 
temperatures is primarily by radiation. The temperature, pressure, and other parameters 
can be monitored through the access tube provided in die design. 

Heat loads of 1 -3 kW/caisson are considered acceptable. Assuming a heat load of about 
2.4 kW, it has been shown2 that a caisson spacing of 25 ft center-to-center will cause no 
significant interaction between adjacent caissons. 

Alternative Versions: None 
Status of Technology: Subsurface drywell storage of spent fuel has been demonstrated 
and probabilistic risk assessment studies have been performed. 
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Advantages: 1. Cooling is passive. 
2. The spent felc^ be eaiayrrjnitored and retrieved. 
3. The degree of protection afforded the spent fuel is high and Ae risks of 

a radioactive release are low. 
4. The costs to expand die system are much lower than for other storage 

systems such as a spent fuel pool. 

Additional Requirements: None 
Comments: The technology may beof interest for advanced LWR reactor designs where 
limited spent fuel may be stored within the reactor pressure vessel. Out-of-reactor 
drywell storage of spent fuel for aged spent fuel may eliminate die need for spent fuel 
storage pools. 

fofonra/Qanca: 
1. n P. Onris. C_ Johnson. R. Jones. Review of Proposed Drv-Stnrape Concept* 

Using Probabilistic Risk Assessment. EPRINP-3365, Electric Power Research 
Institute February 1984. 

2. L. M. Richards and M. J. Szulinski, "Subsurface Storage of Commercial Spent 
Nuclear Fuel," Nncl. Technol.. 42,155-64, (Mid-April 1979). 

3. P- A. Anderson and H. S. Meyer. Drv Storage of Spent Nuclear Fuel: A 
Preliminary Survey of Existing Technology and Experience, N U R E G / C R - 1 2 2 3 , 
U.S. Nuclear Regulatory Commission, April 1980. 
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