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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 the result of combining 
old SSCs in new ways or use of new SSCs. 

This report identifies, describes, and characterizes SSCs with passive and inherent 
features that can 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. 

xxi 





1.1 
e ob-jectives of this ~ p r t  are to identify and characterize existing and p 

passive and inherent, safety-related struct 
design features for Advanced Light-Wa 

s, and cornponents (SSCs) an 
SI., The fist four 

repon was prep s> define the report's contents and descPiihe 

of SSCs (building blocks) 
w concepts for rmct~rs may 

binations of old and new 

refas to the functions rfomnce requirements 
general public fmm necessary to protect the health and safety of 

~ ~ ~ ~ Q l o ~ i ~ a ~  haaards. As used within this report, ~ ~ s ~ e ~ - ~ ~ ~ ~ t ~ ~ '  does nor refer to other 
process f~ l tac t i~n~ ~f equipment required by law and regulation to provide nonradiological 

tion or industrial. safety against ~ Q ~ d ~ ~ ~ o ~ o g i c ~  hazards to workers. 
are those features of the reactor plant such as materials of 

construction and g e o m e ~ c  arrangement that, if altered or mdfied, would have a 
significmt impact 011 the capability to ensure plant radiologic 

s i g n  features are ~ ~ ~ ~ ~ u ~ e ~  in this report. New 
vd~pment ,  may vary from a concept that has been 
oncept that has gone ~~~~~~~a extensive design and testing. 
is a system composed of passive ~ ~ ~ ~ ~ ~ 1 g ~ ~ ~  and 

s not need my exkmal input 
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1.5 DEFINT[TION OF REI90RT CONTENTS 
A power reactor has many SSC opdons. It is necessary to have a scxmiiig 

technique to clefine the building blocks ( S S C s )  or design features that should bc in-wcl:xkd 
in this reprt and those that should be excluckd. A two-part screening process i s  used to 
define the repoft content. n l i s  includes defining the characteristics desked of the sakty 
systems and defining the szfcty-related fiiinctioraal re~l~irementts. The screening p~wess is 
shown in Fig. 1.2. 

1.5.1 
'phis report describes technologies for aehlevement of reactor safety with passive or 

inherent safety SSCs. l'his restriction on the characteristics of the safety syste- LWS was 
used as a screening mechanism m determine thc contmtc=nts s f  this report. Section 2 
provides additional infomation on hlis constraint. 

1 3 . 2  EWK Safetp-R&3@dP;uPhctiorsa! & w l e i l &  
The s~:oxid screening step used to define the report contents was the xqnkcment 

that each SSC inmcltaded should meet a fuinncdond requirement for LWB safety. A 
functional analysis of LWR safety was completed to d e h e  these ~qesirements in a 
systematic manner. As discussed in Chapter 3, the safety-related functions for LWRs are 
derived from a top-level assessment of the soimes of poteiifal challenge to fission picduct 
and radionuclide barriers in the reactor. 'I'hese safety-related functions d a t e  to 
(1) preventing arid (2) -mitigating the rekase of radiation through those banicrs. A derailed 
functional analysis is provided in Fig- 1 3, 

execute safety funciiorrs untlet certajm cund l ih~s .  For example, diere may bc scxwal S C ~ S  

of SSCs or design features ihat arc dedicated to accomplish a specific functional 
requirement depending on the reactor operaiing tn6~de 01 state of chaknge. h clericwt 
generation EWRs, heat removal from the rcaetor i s  accorqdished in combiunat-ics:~ with the 

It should be noted that mpipment that is not classified as "safety-related" rrray still 
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primary coolant system by (1) the main steam and fedwater systems durhig aioirssral 
powered operations, (2) the residual heat removal system diarkg ~~~~~~~~~ shutdowar, 
(3) the emergency feedwater system during loss of normal heat s i n k 3  aa-rd (4) the 
emergency core cooling system during large break loss-of-c t or toi;.tali !oss-oI-llear-- 
sink transients. Typically, process systems, such as main s nd feed"8ate:f systems, 
are not required by regulations to be seismically and  en^^^^^^^^^^^^ 4"; 
related" equipment; but, the accomplishment of the safety furncdon (ewe lieat wenaovd) by 
such process equipment is assured during normal operation by N R C  technical 
specifications on normal process variables that are indicative of h e  ~~.~~~~~~~~~ operability 
of the equipment and the maintenance of normal conditions. Since the proper ~~~~~~~~~~~~ 

of this type of equipment is indicative of the absence of a safety ~Baal~~ngc as opposed to 
the mitigation of challenge, such equipment is not classitied by rcgulnai&ans as 
"safety-related." In general, the mitigation functions discussed in %don 3 re 
consistent definition for safety-related functions as expressed in ~naast ceanent regulatcq 
requirements. 

1.6 ORGANIZATION OF SSC DESCRIPTIONS 
This report organizes descriptions of SSCs by ~~~~c~~~~ "q" il-em nt . This 

organizational approach allows investigators to identify etsisflng or proposed op~iorss for 
accomplishing LWR safety-related functional requirements.. It also provides a way tc 
identify where passive safety systems or inherent safety ~~~~~~~~~~~~ do not exist to mcct 
a functional requirement. Sections 5 through 13 describe the SSCs meethag the ~ s p t x b v e  
functional requirements. 

Within each functional requirement chapter, the top-level ~~~~~~~~~ reqoirement 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. ~ u ~ ~ c ~ ~ ~ ~ ~  requiremerat s-hat 
sterns from the top-level requirement. For example, the ~~~~~~~~~1 ~~~~~~~~~t to T ~ F P I L W ~  

core heat can be broken down into lower-level requirements such as maintain core coolant 
boundary integrity, maintain core coolant makeup, and t~anspow heat to ultiniatc heat sink. 
A single SSC or combination of SSCs may meet a lower-level fur.a@ticmaI requisernene such 
as maintain core coolant boundary integrity. 

Some SSCs may meet multiple functional reqlairernenis. hi 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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For advanced l ~ ~ ~ ~ - w ~ t ~ ~  reactors, here are several approaches to improve economics 
and safety. One approach which has been recognized (1 -3) as potentially offering major 
gains in power reactor exononnics and safety is the use of inherent safety cliaracteristics and 
passive safety systems. 

behind that of other safety systems for a variety oE reasons. An early philosophy of reactor 
operations emphasized the role of the 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 the 
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 prirnarily on the operator for safety. Simultaneously, rnajor advances in 
passive safety systems were macle. 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, 
systems, and components are required to assiire 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 perfonnance of the entire reactor depend on the 
characteristics and perfonmnce of individual SSCs (building blocks). 

If new reactor designs using passive arid inherent safety or new SSCs with passive 
safety systems and inherent safety chwacteristics are to be developed, a prerequisite is t~ 
know what has been proposed or developed. 'This report catalogs SSCs releasable at the 
time of preparation. 

The development of inherent safety and passive safety systems has generally lagged 

2-1 
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Table I S .  1 Functional Safety Requirements for EVVRs 

1 .0 

2.0 

3.0 

Maintain core integrity 
1.1 Coplwol core heat generation rate (reactivity ~ o n t r ~ l )  Chapter 5 

1.1.1 Rovide process shutdown mechanism 
1 * 1.2 Limit excess reactivity 
1.1.3 Convol reactivity with inherent feedback 

1.2.1 Maintain core cmlant born- integrity 
1.2,2 Maintain ccsre coolant makeup 
1 .2 3 ‘Ih-mqmt heat to ultitrsate heat sitzk 

1.2 3.1 ‘Transport heat 
1.2.3.2 Heat sink 

1.3 Control chemical attack of clad 

1.2 Remove core beat 

Control waisport from primary circuit 
2.1 Maintain coalant boundary integPity 
2.2 Control primary circuit pressure 
2.3 Isolate piitnay ckciiit from balance of process 

Control transport from containment 
3.1 Maintain containment boundary integrity 

3.1.1 Effect contaimiimt isolation 
3.1.1.1 Contaiximent structure 
3.1.1.2 Containment isolation 
3.1.1.3 hessure csnEol 
Control energy in containment 
3.1 .2.1 Reduce energy sources 
3.1.2.2 Heatremoval 

3.1 “2 

3.2 ‘Trap radionnclides 

Chapter 6 

Chapter 7 

Chqtex 8 
Chapter 9 
Chapter 18 

Chapter 11 

Chapter 12 

I___-~ l_l 

aChaper 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 ~ ~ ~ c ~ ~ ~ a l  
requirements that reflect the unique or inherent features of 'rhe water-crm~ed reactor 
(Table 3. I). The detailed functional requirements for safety are d.iscus~~d below. 

3.2 MAINTAPN CORE INTECIIlTY 
Traditionally, LWR fuel pellets cladding have been classified as the Tmt 

barrier to the release of fission products. Ma tilining the integrity of 
cladding is based primarily on ensung that 
exceed the rate of core heat removil both during normal o p ~ ~ t i o ~  and under decay flea t 
loads. A secondary function has &en to ensure the integrity of he cladding to degrading 
effects such as normal corrosion, oxidation, hydridiiing, and orher fornis of chemical at&& 
either from the hot irradiated fuel (pellet clad ~ ~ t e ~ ~ ~ ~ ~ ~  or from the ingress of 
undesirable chemicals such as chlorides into the primary coolarms. As referred LO herein, 
maintenance of core integrity excludes prevention of minor ~ i ~ ~ ~ ~ o ~ e  le& in the fuel for 
which normal reactor water cleanup systems are designed to I.lrnd1.e. 

facilitared by, meeting other functional requkrnents that relate to controlling the neutronic 
reactivity of the core configuration. Ah ;P ~~~~~~~ tbese include: 

the provision of a pmess s ~ u ~ ~ ~ ~ ~ ~  mec 
the limiting of excess reactivity, both 
the control and protection system, an 
the control against positive reactivity insertions by control of reactivity with 
inherent Eeedback. 

rate of core heat genemiion dms not 

The control of core heat generdtion in turn depends upon, or at least i s  greatly 

* 

The need for a process shutdown mechanism is listed as a separate funceional 
requirement but does not necessarily imply that a separate set of S s is T-equixd since the 
process shutdown mechanism may be e€ftxted through feedbacks are initiated by an 
external manual or automatic feature. Limiting excess reactivity in the design of the core 

equipment malfunction or externally induced core disruptive events. Limiting excess 
reactivity locally within the core achieves power baylollrig so that local heat generation 
rates do not exceed the heat removal rate. l l e  ~ ~ ~ v ~ s ~ o n  of reactivity feedback 
mechanisms (that is, negative reactivity coefficients) provides for the intrinsic stability of 
the core during challenges posed by positive reactivity insertions up to the design limits on 
available excess reactivity. 

and of the control and protection systems limits the challenge that can be by 
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?'be required capacity to remove C ~ G  ireat stcms fiom thc n?iw:d to bdance heat 
generation against the capacity of the core to absorb heat without reaching temperatms 
h a t  ehdlcilge the integrity of the C O P ~  fission product barriers. In LWRs, the heat capacity 
of the core bAow fuel-clad damaging tcnqwa-9tures is relatively small compared to that of 
thc water in the core. Bccaure water/steani is a two-phase fluid that can change phases 
within the presswe-temperatt~re conditions that occur in the conventional L;wW core, water 
must be present io maintain core cooling. "l%e need to keep the core supplied with water 
implies three additional subtier functional requirements: 

the rnairintenance of tlic corc coolant boundary integrity so that water does 
not leak fmn the i-cactor vessel or prirnu-y circuit hi excessive amounts, 
the maintenancc of core coolant makeup to ensure adequate core inventory 
over all fuel, and 
the transport of heat to ai dtimatc sink from the ccrc cooling water so that 
stiible or decreasing tempeatures can be achieved in tlie core and core 
coolant (If the latter functional iCquiremae;;at is not met, the two functional 
rquireiimtr listed above may not bc: achievable in reasonable md stable 
fashion, ) 

e 

3R 

a 

3.3 CONTROI A KAQIONUCLDE 'I'RANSPORT FROM TEE I'ICIM4RV CIRCUIT 
If core integrity is lost, fission product and/or Liadiation product radionuclidcs 

will. entm the pri."c"ary circuit. If the primary cmht  boundrary integrity has been 
niainraiiied, the rdeasc of radianuclidtx will be IirrPited to within the reactor primary 
sysicm, and thc primary coolant cleameap systems can be used to remove fission products. 
If leak pathways exist from the 19rirnary &ciiit9 furthcr Peakage can k controlled by 
eonaollirig primary circuit pressure, which provides thc driving force fc9r leakage, and by 
isolating the primary circuit from the bdance of the prcxess plait, 7 f  a major breach has 
OCCW-E~ in the primary circuit boundxy, pathways will exist for leakage of radionuclides 
into the containment. 

A distinction is macle Fetwmm "maintain coolant boundary integrity" associated 
with control cf radioauclidc transport from the priniary circuit and "maintain core. coolant 
boundaq ititcg-ity" associated with maintaining core integrity. To prevent radionuclide 
W a i ~ ~ ~ ~ ~ ~ ;  the boundary must be gas tight. To protect core integrity, liquid water must not 
leak out of the reactor core. A sinall opening at the highest point of the primary system 
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might 
primary system. 

affect core integrity, but it reduces control of radionuclide trans 

3.4 CONTROL RADIONUCLIDE TRANSPORT FROM ~~~~A~ 
The control of radionuclide transport from containment can be achieved 

two key functional requirements: 
the maintenance of containment boundary integrity so that 
will not leak, and 
trapping the radionuclides within containment. 0 

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

The trapping of radionuclide releases into containment is the last f ~ i ~ ~ ~ ~ o ~ ~  barrier 
to external releases. Even if containment boundary integrity has been bst, h e  tmpping of 
radionuclides inside containment can preclude releases to the ~~~~~~~~~ 

3.5 AFFFiCT MDIQNUCLlDE TRANSPORT FROM SITE 
In the past, the assurance of elevated release points, the distance for ~ t ~ ~ ~ ~ a ~ o n  

provided by plant setting and exclusion areas, and the reliatzce on emergency procedures 
have been the mechanisms for mitigating the transport 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 the preceding 

functional requirements analysis for LWRs. A S U ~ ~ [ T I ; I T ~  of the chapter organization i s  
shown in Table 3.1. 

Within any chapter, the SSC descriptions are ordered in a hierarchical fi&ion 
from highest to lowest functional requirement. For example, Chapter 5 describes devices 
for the second level functional requirement of reactivity control. Desmipti~31zs of secon 
level SSC devices which provide complete reactor reactivity coriiroi (1 .I) 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 structures, systems, and components (SSCs) that could 
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 information, 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 ob inherent safety 
characteristics. Some of these are included here since additional work may upgrade such 
SSCs SO they qualify. 

4.2 SSCFORMAT 

The format used to describe each SSC is shown in Table 4.1 with a description of each 
line. A simplified example of an SSC description is included in Table 4.2. 
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‘T’itle of SSC 

Typcs of reactors io which tlie t c ~ h d o g y  could 
be applied: 

Examples of irnplcrncneation. Sxanples may 
include non-&W-K rezcm-s 

Type af oigariimrim (name of orgnni7atim) 
which either dcvelopixl or is u:ing the particular 
bciildirrg block 





Table 4.2. Abbrevia&d/simplified example of SSC 
fomat and description 

.II -__I- 

Functional Reaukmetits: k v e l  121: Maintain Core Coolant Boixndary Integrity 

Safety Type: Inherent 

Developmental Status B : Comercial 

Reactor Tjpe: Light-water reactor &WR) 

Organization: Vendors (Multiple) 

-- Examples of Irnplenmenbation: Yankee Rowe Nuclear Power P h t ,  Massachusetts, PWR 

Description: Reactor pressure vessel i s  designed with no bottom penetrations. Lowest 
vessel penetrations are the cold and hot water nozzles near the top of the pressure vessel. 
'I'he reactor core is placed at the bottom of the pressure vessel. 

Alternative Versions: None 

- Status of Tech-: Technology is standard practice for reactors built by several 
vendors, 

Advantages: 1. NQ battorn vessel penetrations dimiplatt: the possil-dity of pipe or 
insmmemt tube failure draining pressure vessel. Minimum eniergency 
core cooling water quantity is ensured by the pressw-e. vessel v o h ~ ~  
below the nozzles and above the reactor core. 
Higher reliability, faster, simpler inspection of pressure vessel integrity 2 

Additional Requirements: None 

Cbmnients: 1. See: "Reactor Pressure Vessel with Minimum Penetrations." 
2. The laargest existing pressure vessels with th is  feature me those for 

certain heavy water reactors (1). Heavy water reactors have lower 
power densities whish require the use of larger yxcssure vessels tliari for 
LWRs. 

References: 

1. "Building a 745 Mwe Pressure Vessel PHWR in tlie Argentine," Nuclear Enginwring 
International, 30 (September 1982). 

- Update/Cornniller: Nov. 1988; C W  



CHAPTER 5 

Structures, System and Components 
to Control Core Heat Generation 

Rate (Reactivity Function) 

Function 1.1 
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Table 5.1 Stnictores, Systems, and Components to Control Core Heat 
Generation Rate (Reactivity Control): Function 1.1 

-.. Description - 7‘itle 

Plocess Inherent UItnniatc Safety (PWS) Reactor 
Tsch nology 

Passively Safe Pressurized-Watcr Reactor with 
Gas Bubble 

Passive Control of Power Levels by Variable 
BoronConcentration in Pressw-ired-Water 
Reactor (GEYSER) 

lJse of Ilydiides which Reversibly Adsorb and 
DesorbHydmgen to Control Reactivity in LWRs 

Hydraulic Control Rod S ys tern with Passive 
Shutdown Mechammisms for Whole Corc 
Disturbances (Low Water LRvel, Rapid Pressure 
Changes) in a Boiling-Water Reactor 

Slow-Withdrawal Control Rods 

P;luidized Bed Control Rods 

Self- Actuating atid Imcking Shutoff Valve for 
HyDraulic/I;luidic Contra1 Systcnis lniliated 011 
l o w  Water Flow or B Iigh Tenmpeiature 

Neutron/Gamma/Cmlant Themal Fuse Control 
KodslDevices 

In Reactor Corc l’ower Fuses 

Use of Select Matcrial Phase Changes to Enhance 
Doppler Rmctivity Feedback in LWRs 

I 4arge-lrrempt Negative-Moderator Coefficient of 
Reactivity from Hydrogen Bond Structure 

PIlgh-Temperatures Ceramics, Clads, arid Fuels 
for LWRs 

Graphite-Disk U02 Fuel Elements for Enhanced 
Thermal Margin and Reduced Excess Reactivity 

Graphite-Disk UO? Fucl Elements for Enhmced 
?’hernial Margin and Reduced Excess Reactivity 

Function 

1.1 

1.1 

1.1 

1.1 

1.1.1 

1.1.1 

1.1.1 

1.1.1 

1.1*2 

1.1.2 

1.1.3 

1.1.3 

1.1 .3  

1.1.2 

1.1.3 

I mation of 
Description_ 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter § 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter § 

Chapter S 

5-4” 

5-13 

5-17 

5-21 

5-29 

5-35 

5-38 

5-41 

5-44 

5-49 

5-57 

5-59 

5-61 

5-65 

5-65 
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Absorber (Poison) Pill for Reactor Shutclown or, 1 figla I J .3 C&1apter 5 5-68 
Temperatures 

Fluidic In-Vessel Emergency Core-Cmling System 1.1.1 6-9 

Low- Water-Level Initiated, ~ y ~ a ~ ~ ~ c - ~ ~ ~ v ~  1.1.1 Chapm 4 6-15 

Systems 
Operated,Emergency Gore Cooling and S ~ ~ ~ ~ ~ o ~ ~ ~ ~  

Passive Safety and Shutdown System 1 . 1 . 1  Chpm 6 6-26 

Fluidized Bed Pressurized-Water Reactor 1.1 Chapter 6 6-29 

Integral Safety Injection Systems 1.1"1 Chapter 6 6-58 



Fur~cticirial Reauirerrents: Level 1.1 Coni101 Core 1 h . t  Generadon Rate (Reactivity Control) 
k v e l  1.3, Wcmove Core Hcan 

_I... Safety ~ .I_.. T m :  Passive 

PIUS is a modified "swin-ming pool" PWW i v h m  the swirnxning p l  i s  at full reactor 
pressure and contains high coracenitrations of cmi borated water. The reactor is at the 
bottom of the swimming pml in a second voX~mi". of hot reactor water that contains a law 
concentration of bsrcaa. hi  he event of ~ T B  accident, the cod borated (neutron poison) 
water enten the reactor core and shuts it down. Tile reactor core is cocaled by boil-off of 
the borated water. The rime per id  that the ECCS works in a passive mode depends upon 
the quantity of borated water available to be boiled off. Currcrit proposed designs vary 
from two clays to onc wcek of passive heas reniovd. 

The mniquc feature of PPUS is that the cold borated. water zone is in direct contact with the 
hot, jow-~rr~~an-c.an@errt~rr~i~n, reactnor coolant water. Thc cool borated water does not enter 
the reactor corc during normal. opcracions duc eo a hydraulic balance maintained by the main 
recirculation pumps. r f i i =  operatirzg prii~ciplec of PIUS are shown in Fig. 1. 

Fig. l a  shows natural circulatioii PWM rcactoi core (C) inside. a. very large presswe vessel 
(A). T&e reactor core is in a mne of low !w~oaz water (D) at the bottom of the riser. The 
riser incorporates a pressriirizei- (I) to maintain reactor vessel presswe at desired levels. The 
pressure vessel is primarily fillcd with cool borated water @). The low boron concentration 
of reactor water allows the reactor to be critical. and producc heat. h this configuration, the 
reactor would be quickly shut down by natural circulation of borated water into the reactor 
COR from below (J) and out through thc top of the rises (K). 

In Figure lb, ~ t e  hot reactor water i s  rerarmd from point M near the top of the riser to point 
N below the core by addiiim of a recirculation pump (E). 

In Figure IC, a steam gencmoi 0 has been added. to the circulating water flow to keep the 
tcmperatrirc constant. 'l'k steam geaeratm- and pump can be located either inside or outside 
the pressure vessel. The rcactoi- is a natural circulation reactor that depends upon 
diffenences in  wtcr  densities of the Isjgh- tempemtsnrc, low-$~ron-cconncenuation water in the 
riser and the h~-teil?pcra3ure~ '.lig~J-boron-csncenn-atioIs water in the pool. The pump 
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simply overcomes pressure drops in the ste generator and the associated piping between 
points M and N. It pulls the full flow of hot water fkom the 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 s t e m  generator and pump (M,F,E,N). 
The second is through the cold borated water zone ( ~ , K , ~ , ~ , ~ ~ .  If the cool, highly 
borated water flows into the reactor cure, it will be shut down. This does not happen in 
operation due to a careful hydmulic balance generated by the pump 

If the recirculation pump slows down below the natural water circulation rate (Fig. Id) 
through the reactor core, cold borated water will enter the reactor core b r n  point J and shut 
the reactor down. If the pump operates too fast, pump suction will draw cold b a t e d  
water into the system near point M and through the steam generator and pump (Fig. le). 
The pump discharge will push some highly borated water into the reactor core near point N 
and push the remaining water into the cold borated water zone below point N. In effect, 
the hot, low-borated water zone that allows the 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 fi.om cold borated water by interface zones (J, K). The 
large density differences between the two water zones make the interface very stable. 
Instruments sense if the hot/cold interface zone is moving up or down and adjust the pump 
speed accordingly. 

Power levels in the reactor core are controlled by varying the boron concentrations in the 
hot reactor water. The hydmulic balancing also protects against reactor overpower 
conditions or loss of feedwater to the steam generators. In either case, boiling will 
eventually occur in the reactor core (Fig. If), Bailing causes major increases in natural 
circulation flows through the reactor core. Since the reekculation pump is sized so that it 
physically cannot handle these higher water flows through the reactur core, the hydraulic 
balance breaks down and cold borated water enters the reactor COR from the bottom. 

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

The most advanced reactor design12 using this SSC is the proposed Secure P 8  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-the-shelf 
military weapons. The Secure P@ is a 640 MW(e), 2000 Mw(t> reactor. A prestress 
concrete reactar vessel (PCRV) is used [see Prestress Concrete Reactor Vessel (PCRV) for 
Eight-Water Reactors]. This allows the following: 

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

2. The PCRV is sufficiently large to allow spent fuel storage for xp;actor lifetime in the 
PCRV. 

3, The PCRV provides very high levels of protection against external threats. 
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10. 

11. 

12. 

13. 

14. 

1s. 

H. Wakabayash;, "Small Intrinsically Safc Reactor Implicatinm," On the New 
Concepts of L , j  t Water Weac l .~~~ ,  Univ. of Tokyo, U'INL-Memo-0008, 
Dscernber, 1985. 

J. Oda, "A Cor~cep~id Design of Intrinsically Safc and E c ~ ~ ~ ~ n ~ i c a l  Reactor (IS%), 
Sum_anay Report," IAEA 'B'echnjcal Comnittcc: Meetiiig on Advances in Light Water 
Reactor Technology, Washington, D.C., IJSA, Novernbcr, 24-25, 1986. 

C. W. Forskrg, "Passive Emergency Coding Systems For Boiling Water 
Keactors," Nucl. Te~bhd.,zX, 185 (Jan. 1987). 

G. Roy, Letter to C. W. Forsberg fronr Ray and Associates, In@. (July 13, 1989). 

"Joint Ventures Take, FIUS to U.S.," N d e a r  2hginecring Tnterinatjmd, 34, 
No.421 (August 1989). 
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Table 1. Some key design data for the Secure-P Reactor 

Thermal power 
Electric power (net) 
Core exit temperature 
Core inlet temperature (full power) 
Core coolant flow 
Primary system pressure (pressurizer) 
Number of fuel assemblies 
Number of fuel Wassembly 
Fuel enrichment, reload fuel 
Core height (active) 
Core diameter (equivalent) 
Care pressure drop (dynamic) 
Number of steam generators 
Steam pressure (sream generator exit) 
Steam temperature 
Number of reactor coolant pumps 
Pool temperature (normal operation) 
Concrete vessel cavity diameter 
Concrete vessel cavity total height 
Concrete vessel cavity volume 

eviw 

*c 
oc 
kg/S 
MPa 

% 
rn 
m 
W d  

QC 
m 
M 

m3 

2 

G40 

289.8 

13 

213 
316" 

3.5 
2.50 
3.76 
0.0'39 
4 
4. 

270 

4 
50 
13.4 
34 

3820 

* Up to 32 fuel rods containing BA (Gd2O3) 
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E: PASSIVELY S A F E  PRESSURIZED-WATER 
WITH GAS BUBBLE 

: 1.1 Control Core Heat Generation Rate (WeactiTbi 
1.2 Remove CQE Heat 

: 3Evaluatd 

: Pressurized-water reactor (PWR) 

: Vendor (Asea Brown Boveri) 

Examples of Irndernenta&y None 

Description: This reactor concept was originally developed as a low-temperature (< 2oSoC), 
low-pressure, district heating reactor, but can be used for higher temperature and pressure 
power reactors. The reactor vessel is contained within a large pressure vessel filled with cold, 
highly borated water (Fig. 1). The water in the primary circuit in the reactor vessel and in the 
heat exchanger has a relatively low boron concentration and during nsrmal operation, 
reactivity is controlled by the addition of either pure water or borated water to the primary 
circuit as n e w .  Normal .reactor shutdown is accomplished by the injection of boric acid into 
the core (Fig. 2a). Under emergency conditions, the reactor is designed to shut down 
automatically through the M o w  of cold, highly borated pool water into the care pig. 2b, 2c). 
Subsequently, n a n d  circulation is established between the reactor vessel and the pressuse 
vessel pool water to remove residual heat from the core pig. 2d). 

e reactor can be cooled two ways: 

ater can enter blow the reactor mre h - r ~  the plressuse vessel 
through the reactor core, and exit back to the pool (B). Since the pressure vessel pool 
contains highly borated water, this cooling mode automatically results in reactor 
shutdown and decay heat removal. 

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

Both water flow paths are open with no shutoff valves. The hydraulic pedamance of the 
pump determines whether a hydraulic balance is maintained to keep cold, borated pool 
water out of the reactor core and allow operation of the reactor. The hydraulic balance 
requires proper operation of the recirculation pump and normal operating conditions in the 
reactor core. Abnormal conditions allow cold borated water into the reactor core. 

The reactor uses a gas [ee.g., nitrogen or steam) bubble above and below the reactor core to 
isolate the low-boron primary cooling water from the high-boron pressure vessel pool 
water during n m a l  reactor operation. The upper part of the reactor vessel is a long pipe 
that is filled with gas, the volume of which is approximately equal ta, the volume of water 
n o d l y  in the reactor vessel. 'The pipe is open at the top and the upper end is enclosed by 
a hood so that a gas trap is formed, creating an upper gas-water boundary. 
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 ts a constriction 
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above the core, where it remains during noma1 operation. TIE c o ~ ~ s ~ i ~ d o i - ~  contains the 
lower gas-water boundary. At the bottom ef the reactor vessel there is also a gas trap, but 
the height of the bubble is negligible cornpad to that of the upper one. 

Nomial reactor operation occurs only whcn the Row of water pumped through the reactor 
corc i s  such that thc. friction pressure drop across the reactor core equals the difference in 
the hydrostatic presstire head from A to 13 o€ cold, borated pressme vessel water minus that 
of the hot mi~.ctor water and gas column. If the flow of water from $he: pump stops, water 
inflow from h c  pool collapses the lower gas babble, enters the core, and shuts down the 
reactor. It then elitcrs the upper gas bubble and pmshcs that gas out of the reactor vessel 
into pool water. Even a relatively small rductim in thc pumping rite 
(c.g.: 20%) can produce shutdown if thc boron concentxation in the pod waler is 
sufficiently high; lower boron concentrations merely reduce the reactor power. Since the 
reactor vessel has a relatively small cross section in the constriction wherc the lower gas- 
water boundary is maintained, small variatio~is in  the pumping rate can occur without 
causing a power reduction or shutdown. 

Tine reactor also shuts down if the core ~ernpera.s;un.e becomes too high. miis is 
acconiplished by the venturi in the exit line from  he ~ccactor core to the heat exchanger. In a 
venturi flow co~nstriction, the moving fluid iowcrs the fluid pressure at Phe throat of h e  
venturi. During nom$ operation, the reactm water is anly in the liquid phase, despite the 
lower pressure in the vefituri constriction. Pressure inc~eassc: mcim in the recovery section 
of the venturi tube, so the resulting loss of p r @ s w ~  is insignificant. However, if the 
temperamre of the reactor coolling water leaviimg the core becomes too high, sterm is fomctl 
in the high-speed (thoat) section of the venturi tube. The creation of a steam-water mixture 
in the venturi geatly increases the pressure drop of the fluids through the venturi. The 
pressure loss in the circuit produces cavitation and a reduction in flow from the pump, 
shutting down the reactor by allowing cold bm-atcd watcr to flow into the reactor core. 

Alternative Versions: Many 

Status of Technolw: This tcchnology is hcirig considered for a district heating reactor. 

AdvantagB: Passive reactor shutdown occurs in response to low reactor cooling water 
level or elevated core tempermire, 

Additional Meauirernent~: None 

Cormment~: This concept was originally developed for district heating but could be applied 
for power production, The concept was the predecessor of the PLUS reactor and has scme 
of the features of the FlUS reactcw-. 

&~~~ei j~~.gdCon tac ts: 
1. K. Hannerz, Reaktsradjggiing Reactor Facilityl: S ~ e d i s h  Patent Application No. 

7606622-4, Supplement to 7506606-8 [Publ. No. 391 0581, (Feb. 13, 1978): 
O R N I J T R - $ ~ / ~ ~ ,  (1983). 

2, J. E'. Hento and T. Mankams, "Safety Evaluation of the Secure Nuclear District 
IIeating Plant," W B h n o l .  %:126-34 (1948). 
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ORNL. DWG R9A-10450 

(a) NORMAL SHUTDOWN BY 
BORIC ACID INJECTION 

(b)  FAST SHUTDOWN R Y  MAIN 
CIRCIJI-ATION PUMP TRIP 
OR INSUFFICIENT COOLING 
WATER 

(c)  INHERENT SHUTDOWN DY 
VENTURI TUBE CAVITATION 
RESULTING FROM OVERLY 
HIGH CORE TEMPERATURE 

(d) LONG-TERM SHUTDOWN 
COOLING BY BORATED 
POO!. WATf.R 

Fig. 2. Shutdown mechanisms for PCVR with gas bubbk. 
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TKLE: PASSIVE CONTROL OF ER LEWELS BY VAFUlBLE BORON 
CONCENTBATlON IN PRESSURIZED-WATER REACTORS (GEYSER) 

Functional Reauirements : 1.1 Control Cure Heat Generation Rate (Reactivity Conlrol) 

$afetv T&g: Passive 
1.2 Remove Core Heat 

Bevelournental Status: 5 Concept (for power reactors) 

Reactor Type: Pressurized-water reactor (PWR) 

Organization: National Laboratory (Swiss Institute for Nuclear Research) 

Examnles of 1mplementation: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 
nhermohydraulic processes. A unique feature of this reactoh concept is that the thermal 
hydraulics of the system automatically adjust the reactor power level to nleet heat demand. 
GEYSER is being developed as a district hearing 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 col& highly borated water (Fig. 1). Two 
reactor Imps are used. The large primary loop moves heat from the reactor core, while the 
second loop is a small control loop. The primw cooling loop contains Bow-boron water 
that circulates up through the reactor core into an annular riser, where, 3s the water rises, 
the decrease in pressure allows some of the water to flash to steam. Steam from the 
conduit rises through the steam space to a condenser which, in turn, gives up useful heat 
to a heat exchanger outside the pressure vessel. The condenser is located in a bell that is 
open the bottom. Under normal conditions, the pressure of the steam keeps the main 
steam bell free of pool water. 

The water from the mnular riser and the condensate from the condenser collect in a tray 
underneath the condenser. The tray is located above the normal pool water level and 
contains a pipe to remrn the coolant to the plenum below the reactor core. The difference 
in specific gravity of the water and steam mixtun: in the conduit and the water in the ratiirn 
pipe generates the drive for natural circulation of the coolant. If there is too much water in 
the primary cooling loop, the excess overflows the way and returns to the pool. 

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

Since the condensate of the s t em generated from the pool water is boron-free, while the 
overflow from the tray contains boron at the mean concentration present in the primary 
coding loop, the boron content of the prinmy cooling loop continually decreases. This 
results in a rise in reactivity and reactor power. Because steam delivery occ11rs 
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continuously, the reactor power increases continuously until the quantity of steam 
produced exceeds the capacity of the condenser. There are two methods that limit power: 
the first is for normal operation, while the second is an emergency shutdown tnechanism. 

Method 1 : Excess steam prodxtien 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 Row 
through a pipe to the reactor core. Then, the increased boron content that results in the 
primary cooling loop lowers the reactivity of the core. In stationary operation, the supply 
of steam and the supply of pool water to the primary cooling loop remahi in balance. 
Changes in power d e w i d  adjust the steam supplied to the condenser or the quantity of 
water supplied from the pool until the power that is produced has adapted to the demand. 

Method 2: The reactor is designed to passively shut down when steam production greatly 
exceeds the capacity of the condenser to handle it or if there is a fajlme of the float 
mechanism. A steam siphon pipe connects the pool cooler with the steam bell containing 
the condenser. The siphon pipe contains a water-filled elbow that is submerged at pool 
water levels in the main steam bell maintained during noma1 reactor operaticn. A separate 
pipe connects the plenum around the reactor core with the pm1 water. This pipe contains 
a ribbed elbow located above the upper water level that is reached during normal reactor 
operation in the main steam bell. ‘The heat of the steam space maintains a steam cushion in 
the elbow, preventing the pool water from entering the reactor vessel. 

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

During reactor startup, electric heaters next to thc heat exchanger it1 the cont-rc~l loop 
provide the energy to heat the water in the primary c ling loop and start its circulation. 
The heaters maintain steam generation in the loop until the concentration of beron in the 
cooling water becomes low enough for the reactor to begin producing heat. 

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

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. Themohydraulic calculations proved 
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that stable conditions can be achieved in the entire operational range. A fiiL1-sized (32 na in 
height) model with a simulated power of 0.5 MW demonstrated stable ~~~~~1~~~~ 
shutdown process, and power control feasibility in a power range of 15 to I 

A d v a n t w  : 1. No control rods are needed. 

2. Simple, unmanned operation with walkaway safety, 

3. Human influence is completely excluded from s a f e t ~ - ~ ~ ~ ~ ~ ~  

Additional Reau irements: None 

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

,Pe ference s/Co ntactg: 

1. "g Reactor of 
of the FissL 
IraEESa%nC, 

Switzerland, August 24-26, 1987, eds., S. Garribba, G. Sarless, a n 8  (1.. 'Jivmtc. 

Coolirg, U.S. Patent 4,783,306 (November 8, 1988). 

Ugdate/Comder: May 1989EBL 
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These reactor reactivity control systems we based an the reactor physics of thermal neutron 
reactors, the chemistry sf  cornpounds which ~ e ~ ~ ~ i b i l y  give off or take in hydrogen gas, 
and a special mechanical container in which the above compunds are loeatd. 

Reactor Physics 

In a thermal neutron re 
so that they will react 
hydrogen in the chem of water. If some of the "effective moderator" is removed 
from part of the core al ~ ~ W E Q I I  reactor during ~yeriition, the reactivity and, there- 
fore, the power level of that part of the reactor erne are reduced. In standard commercial 
LWRs, when h ~ ~ ~ g ~ ~  is semov rthJlally X I l C W ,  IleU@OllS iXe abS0dXd by 238kJ 
and structural materials, and more 
neutrons fissioning 235 

Ghemistq 

atsr is used to slow 

ns escape the reactor core, resulting in fewer 
or otlner fissile materials. 

Certain metals and 
react with hykoge 
is similar to  water. 

The absorption, depending upon the ~~i~~~~~ system, 
effect to a smng chemical boltid. With proper choice o 
of hydrogen release a 

range given a pxticulap pressure, 

ckeli, and titanium) will 
n ~ ~ ~ c ~ ~ ~ ~ ~ t i ~ ~ i  in these compounds 
will reversibly release hydrogen. 

vary from a surface adsorption 
micd compound, the temperature 

ears be chosen, Fur example, magnesium arid 
r desorb near the qxrathg temperatures Q€ 
releases hydrogen in a partidar temperature 

1 o f  8 



1. Passive P ~ w e r  I m e l  Coli*Ll%)i 

111 a reactor at p w e f ,  the r;eu@c)r~/gga~tmia flux ~iiik! heat the hytlridc L I J ~ X  Heat wal he 

uwil fissioning create the highest neuZ~on and gamma ray fluxes. The sections of 
hydritlr, rod linr these locations will ahsorb the most h a t  arrd will be the hottest, At higher 
trmpaat~ire'es, thhe hot ~ n c ~ a l  h y d r ~ d ~  brill i elcasc hy&--ogen, incrcasing hydrogen pressure 
in ihc tube. '1 he hydrogen will flow to thc clavier secticils nf tile t ~ b e  and Corn hydricles. 
7 ' k  103s of hydrogen i i i  hot spot hxa:ions is also il loss of mcderator.. %he loss of 
modermr implies loss of reactivity arid loss of powcr iri itie hnttcst i m a m  core. If' the 
entire reactor is too hot) much of the I^iydmgen wi!lleat.c hie core and be just outside the 
reactor core in the parts of the hy& t d x  extcrrdhg kyond the fuel pins. ?'his limits 
total powcr kvels. 

conducted out of the eubc to the cmlant. In the rc8ctor core, t ighmt power levels 
C"-. 

An altemativc dcsign of hydridc tlibc is slicrwii iil h g .  3. Many water-coded reactors 
havc an i n t c p l  g i d  ssructure into wlaich i 1 ~ 1 i v E b ~ ~ a l  or giiirrps of fuel zsscmbliss arc 
placed. With this opiiotl, the grid structure is corrnposed of hydT-;de rads (or squxes or 
rectangles) ppendicalw to thr fuel ~;sr,mblics and paralie1 to the horizon Fig. 3). Wish 
this orientation of hydsidc rods acioss ij-idtipk fuel assemblies, the hydride rods would 
act to lcvcl power across the reactor coie. This levelz the powei- output between fuel 

&dies, and the leveling process wo111d bc expwctcd to occur down to relatively low 
~ O W X  levels. 
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Mvantayes: This use of hydrides is a passive technique eo control LWR reactivity. 
Multiple potential applicabons may exist. 

1. Hydride devices could 'be used to eliminate various n u c l e ~ ~ - ~ d r ~ ~ - h y ~ ~ ~ l i ~  
instabilities in power rcactors (such as the xenon oscillation effect). 

2. The technology m y  be applicable to developn~ent of rraore amiomic high bumup 
€uels. In recent years, there has been a major emphasis ta increase fuel b m u p  EO 
(1) reduce fuel costs, ('E) minxlinli-zx reactor refuehg time, md (3) minimize the cost 
of spent fuel storage and disposal by minimizing the tons of spent fuel produced. If 
a fuel assembly is to provide xnore energy, the fissile errichient 
higher so there i s  fissile fuel to prduce energy over an extended period of time. 
Simultaneously, the higher emichnaerit 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 minimize power peaking. X-sydrkk 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 rd s .  The rods 
automatically shut down the reactor if the ~"eactor teernpramre i s  excessive because 
the contra1 ssd. i s  se:asitive to core conditions. 

Additional Requirement~: None 

Comments: The base technologies required for hydxide technologies have progressed 
rapidly in the last 20 years. Therc have k e n  no power reactor studies of 
hydrides for several decades; hence, their potential is mot well 
undets tmd. 

Reference s/Cm tac ts : 

1. 

2. 

3. 

4. 

5. 

6.  

R. Magladry, Hydrogen Diflwion. Reactor Control, 1J.S. Patent 3,35 1,534 
(November 7 ,  1967). 

J. Id" Anderson, W. Mayo, and E. Laratz, Rencsiviiy Control of Fasbt-Spectrma 
Reactors by Reversible Hydxiding of Yitriurrz Zones, NASA TN 1)-4615, 
(June, 1968). 

J. J. Reilly and R H. Wiswall, "'Ihe Reaction of Hydrogen with Alloys of 
Magnesium and Copper," Inorganic Ckemistry, 4, 2220 (1967). 

J. J . Reilly, "Metal Hydride Tecbrrology,'' Zeibschr$tfur Physikalische Chemic 
Neue Folge, 117, 655 (1979). 

9. J. Redly, W. El. WiswaH, and 43. H. Waide, Motor Vehicle Srorage ofliydrogen 
Using Metal Hydrides, TEC-75/@81, (October, 1974). 

J. O'M. Bockris, Energy Options: Real Economics: and the Solar-Hydrogen 
System, Y. Wiley (9r SSM, New York. 
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7. 6. F. Zindler, Feasibility Study of Terrestrial Themelectric Nuclear Power Plaa+, 
AFWL-TR-66- 16, June, 1964. 

8. G. F. Zindler, Terrestrial Direct Conversion Nuclear Power Plant Conceptual 
Design, WL-TR-64-168, (March, 2965). 

9. Nuclear Technology (entire issue), ~, No. 3 (Sept. 1984). 

te/Co&: Dec. 1988KWF 
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Fig. 3. Reactor core support structure incorporating hydride tubes. 
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Functional Reqt iirementg: Level 1.1,1 vide Process Shutdown Mechanism 

w e t v  Type: Passive 

: 4halyzed 

w t o r  T-: Light-water reactor (LWR) 

&mkzation: Vendor (Asea Brown Boveri) 

: None 

Descxip&~~: This is a h y ~ r a u ~ c a ~ l y  controlled system to shut down the reactor by dropping 
control rods into the reactor core if certain accident conditions OCCUT, The control rods are 
contained in vertical chambers that run through and above the reactor core (Fig. 1). Each 
control rud moves freely in its chmber and has only two stable positions: crpmpletely in the 
core or completely out of and above the core. The hydraulic force to hold the control rods 
above the core is supplied by a safety control system pump that takes cooling water from 
the pressure vessel and circulates; it through a distribution box that mns beneath the reactm 
core and connects to the control rod chambers. The chambers are not completely closed at 
the top, allowing the water from the pump to return to the coaling 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 cme and shut down the reactor. The 
safety control system automatically operates to shut down 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. 

2. 

3. 

Manual Shutdown -- 1x1 a manual shutdown, the safety c~ntI-01 distribution pump is 
turned off, removing the hydraulic force holding up the control rock, which then fall 
into the reactor coxa 

Low Water Imel -- "he 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, aliowing the control rods to fall 
into the reactor core. 

Rapid Pressure Variations -- Tcs provide for reactor shu OWII in case rapid 
pressurization or depressurization of the pressure vessel, the safety C Q ~ ~ I - Q ~  system 
uses differential pressure vdves to control the mount  of water reaching the 
distribution box. This is accomplished through the addition of il short water circuit 
connected to the pump circuit. The short circuit C Q M A ~ S  a membrane valve that is 
controlled by either of tw0 differential pressure valves g. 2). During normal 
operation, the safety con 1 pump supplies pressure to th sides of the membrane 
vdve, keeping it closed. one of the differential pressure valves (A or El) opens, 
the pressure on that side of the membrane is decreased and the valve opens, shorting 

1 of 6 



i-- :!o 

2 of 6 





5-32 

P a --1
 

z
 
0
 

4 
o
f
 6 



5
-3

3
 

I 

I 

5 
of 6 



5-34 

ORHL DWG 89A-10434 

CONTROL ROD 
RAISED 

CONTROL ROD 
LOWER ED 

UPPER 
CHAMRER 
OPENING ---. 

CONTROL. 
ROD 

CHAMBER -----_ 

OPENING 

SAFETY CONTROL 
DISTRIBUTION 

BOX PIPE ~ 

‘IPE WATER FLOW FROM 
Dl STRl BUT1 ON BOX 

. -- 

CONTROL ROD 
RISING 

COMBINED WATER FLOW 
FROM OPERATING PIPE 
AND DISTRIBUTION BOX 

WATER FLOW F-ROM 
DISTRIBUTION BOX 

Fig. 3. System to manipulate individual control rods. 
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Functional Rea uiremen ts : 1.1.1 Provide Process Shutdown Mechanism 

Safety Tm: Passive 

Developmental Status: 2 Demonstrated 

Reactor Tvpe: Light-water reactor &WR) 

Organization: Vendor (General Electric) 

Exmules of Imalementation: Multiple 

Descriution: This device is one of a family of &vices which passively limits the rate at 
which a control rod may be removed from the reactor core, but allows very rapid 
movement of the control rod into the core to shut it down. By limiting the 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 @W), but is applicable to control mls mounted W 
any direction. 

The velocity control device is composed of a tomi y-shaped control member with a pair 
of fluid guide vanes positioned underneath (Fig. 1). The control member is coaxially 
positioned around the control rod drive hub and s e c u d  to the hub by radially extending 
webs. The webs are fitted with rollers at their outer ends to center and guide the hub within 
the control rod guide tube. The control member is constructed to allow for fluid movement 
between the member and the inner guide tube surface and between the member and the 
drive hub. The upper side of the control member has a smooth conical surhce that 
minimizes fluid resistance when the rod moves upward into the reactor core. The 
underside of the control member contains adjacent inner and outer grooves to increase 
water resistance when the rod moves downward out of the core. 

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

Alternative Versions: Many related devices have been proposed. 

v: This is an advanced version of existing devices. 

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

Added Reauirements: None 

Conirnen ts: None 
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.- Keferences/Contacts : 
1. J. E. Cearky, J. C. Canuth, R. C. Dixon, S .  S. Spencer, and J. A. Zuloaga, Jr., 

Control R Q ~  Velocity Limiter, U.S. Patent No. 4,624,826 (November 25, 1986). 

-1 April 1989EBL 
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TITLE: SELF-ACXUATING AND LOCKING SHUTOFF VALVE FOR 
HYDR,AvLIC/FLUIDIC CONTROL SYSTEMS INITIATED ON LOW 

WATERFLOW OR HIGH TEMPERATURE 

F u n c m e a u  irementg: Level 1 .I. 1 Provide Process Shutdown Mechanism 

m: Passive 

Jkvelopmental 23- : 3Evaluated 

Reactor Typg: Light-water reactor GWR) 

m i z a t i o r y  Industrid (Rockwell International Corporation) 

Examples of mlementatio n: None 

sc-: Many types of hydraulically supported control rods, balls, and particles have 
been proposed for nuclear reactors. In each case the neutron absorber is held out of the 
reactor core by fluid Eriction forces during power operations. Ef the water flow slows or 
stops, the neutron absorber falls, by gravity, to the core and shuts down the reactor. This 
provides automatic reactor shutdown upon power failure, loss-of-coolant accident, or low 
reactor water levels, if the inlets for the pumps that push fluid by the control rods, balls, 
and particles are located above the reactor core but below normal reactor water levels. A 
drawback to gravity-based systems with absorbers held out of the core by fluid flow is that 
any residual fluid flow, even an amount below the minimum needed to safely operate the 
reactor, retards the fall of the neutron absorber into the reactor core. 

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

. .  

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

The valve is designed so that when it is closed, the 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 that from pressure surges, only acts to maintain the 
closure. 
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The valve could ilso be actuated by a weighted member suspended over the valve and 
controlled by a Curie point alloy magnet or an electromagnet. In the case of the Curie point 
alloy magnet, when the fluid flowing through the valve exceeds a designed temperature, the 
magnet would release the weight to force the valve closed. The electromagnet could be 
used as an active control and deenergized to release the weighted member to close the 
valve. 

Alternative Versions: None 

Status of Technology: As part of the 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 though the assembly. The time for all the neutron-absorbing elements 
to fall into the core zone was substantially constant and faster than in the assembly without 
the valve. 

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

2. The balance member can be designed so that the valve will close at any 
desired minimum flow r a ~ .  

3 e Reduces the risk of mechanical failure of reactor shutdown system. 

Additional Weauire men&: None 

Comments: This technology was developed for LMRs. Since the liquid properties of 
sodium and water are similar, the device is expected to work in water-cooled reactors. 

ReferenCesKon tar: ts: 

1. D. K. Chung, Self-Actuating and Loc kin _p Control for Nuclear Reactor, U.S. Patent 
4,313,794 (February 2,1982). 

: February 1989EBL 
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ORNL DWG 89A-93R 

MECHANICAL DRIVE ASSEMBLY 
(RAISED FUTHER 1 4  I TO INITIALLY 
, OPEN SHUT OFF VALVE) 

_.__ ELECTROMAGNET -- 
- CURIE POINT MAGNET I 

(OPERATION NOT SHOWN) 

WEIGHTED 
MEMBER 

---- APERTURE 
PLATE 

- BALANCE 
MEMBER 

UPWARD 
HYDRAULIC 
FORCE, 8. 

DOWNWARD 
HYDRAULIC 
FORCE, a 

NORMAL OPERATION - 
VALVE OPEN 

EMERGENCY OPERATION - 
VALVE CLOSED 

Fig. 1. Self-actuating arid locking shutoff valve oper : i t '  1011. 
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Functional Reqairemciat. 1.1.2 Lirxsit Excess Reactivity 

Safetv Tvr;g: Passive 

Deve loy-nen tam:  3 EvaluatcC (See Ckm-ments) 

Reactor I'm: Light-Water Reactor (LW-R) 

Qrganmizatim University (Multiple) 

- Bimetallic - S a  - Bimetallic suips are strips of dissirdar nmetals fused tcgeeher with 
cliFfcieiPt cmfficlents sf thermal cqxmsisn. AS the temperature riis~s, bimetallic strips 
b ~ i d  dfie to the different rates of tl-nelmal expms~on of the two metals. Strips can 
hold coiiipcments together at low krn1:atatuirr=s, but separate at high temperatures. 
Many tkermostats operate oil this primiple whcre an electric switch is opened or 
closed. RimctaMic thermal fuses can be reusable. 

1 of 5 



5-45 

operations by wires containing thermal fuses. If a f i e  occurs, the fuses fail on high 
temperature and doors or dampers close. 

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

Gamma Rav The mal  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: 

e 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 nonnal due to the 
lack of shielding from water coolant between fuse and reactor core. This causes 
the fuse to overheat and fail. 

If there is a mismatch between power level and coolant flow, the themal fuse 
will be undercooled and fail. 

Neutron -: Neutron thermal fuses are similar to gamma ray fuses 
except the fuse body contains a fissile mer ia l  such as 235U. Neutrons from the 
reactor core cause fission which, in turn, generates heat The device fails due to 
overheating in the same cireumsms as causes failure of gamma ray thermal fuses 
except neutron flux determines heat genemion rate rather than g m a  flux. 

(2oolanLTherrnal Fuses: These are fuses which are heated by a rise of coolant 
temperam. 

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 c d e  point control rod, have undergone significant development and 
testing. Thermal fuses have not been used in LWRs. 

Some examples of thennal fuses are shown in Fig. 1 and Fig. 2. Figure 1 is a schematic of 
one type of curie point control rod where the control rod is held out of core by magnets. If 
the magnets overheat, they fail and drop the control rod into the reactor core. Figure 2 
shows a bimetallic cylinder control rod fuse (43) where heating of the bimetallic cylinder 
leads to differential expansion of the two metals with the drop of the control rods. 

Alternative Versions: There are multiple design options. 

Status of Technoloq: For normal industrial applications, m y  types of thermal fuses are 
in use. Neutron and gamma ray thermal fuses have been proposed but not implemented 
(see Comments). 
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Advantages: Potential advantages of thermal fuses include: 

1 .  Passive safety device 

2. Base of industrial technology exists from which to develop nuclear t h e d  fuses 

Ad& tional Requirement S: None 

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

1. B. I. Spinrad, personal cornespondcnce to G .  W. Forsberg (Aug 12, 1989). 

2. R. B. Tupper, N. €4. Cooper, W. K. Sievers, "A Self-Actuated Shutdown System 
for Liquid Metal Reactors," Third International Conference on Liquid Metal 

Oxford, United Kingdom 

3. R. B, Tugper, W. A, Bnnmmsnd, W. K. Paschall, and S .  S. Borjls, "Development 
of a Self Actuated Shutdown System," ASME8 1-JPGC-hi-8 (October 198 I). 

4. me (Italy), Drdt; 
(July 1989). 

5. M. Caira, M. Cumo, and N, Naviglio, "MARS Reactor: A Proven PWR Technology 
Combined with Advanced, Safety Requirements," Ener~ia Nuclear 2 
(May/Sep tember 19 87). 

UpdatelC'orngkr: August 1989/CW 
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Fig. 1. Schematic of curie point thermal fuse for LWR shutdown rods. 
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Fig. 2. Schematic of thennal metal expansion fuse for LWR shutdown rods, 
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: 5 concept 

: Light-water reactor 

National Laboratory (Oak 
gone Sicurezza Nucleare E 

ope on^ ~ . ~ a ~ ~ r a t o ~ ~  arid Regulamry 
done Satnitaria) 

: In-core power fuses have h e n  p 
th electrical and fluid fuses have 

a variety sf safety 

~~~~~~~~~~ Fuses - In all electrical fuse systems, an electric power line goes though the 
reactor core, The power line contains an in-care power fuse that cuts off electric power if 
nudear power levels are excessive or if there is ~ s ~ ~ ~ c i ~ ~ t  core cooling. 
power operates one or mare "fail-safe" satkty systems. which are design 
of electric power causes their activation. Two examples show the use of in-core power 
fuses: 

In-cose power fuses can be located in the power lines that supply power to 
pressurized-water reactor (PWR) control 
held out of &e reactor CQE by electroina 

s. In must PWRs, the control r o d s  are 

drop back into the reactor core by gravity an shut down the reactor. 

In-core power fuses can be located in the pm~er  lines that ~ ~ ~ ~ ~ l y  power to cenain 
types of enaergency core cooling systems [see: Fluidic In-Vessel Emrgcncy Core 
Cosling System], where the operation of pumps is mquirrd 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 reactiir core, and t k  reactor core to 
e shut down and cooled. 

In most cases, the i n a r e  power fuse accomplishes the same functions its is achieved in 
some current reactors with in-core sensors, control systcms, and power relays, as shown 
irr Fig. 1. Ihe benefit of the in-core fuse is that, with ~ ~ ~ r ~ ~ ~ ~ a ~ e  design, many possible 
safety-system failure modes are eliminated (e.g., such as frcam operator emx, maintenance 
error, or sabotage). 

An example of an in-core power fuse is the Critical Zkat Flux Scram System (CX-IEFSS), 
which can be used with control-rod systems or ~ ~ e r ~ ~ n ~ ~ - ~ c ~ ~ ~  ccmling systems, 

EFSS is an electrical power fuse that "blows" upon experiencing an excess 
~ ~ r ~ ~ ~ ~ ~ n ~  flow rate nljsmatch sufficient to cause excessive c o ~  heating. C E F S S  

consists of one or ~ Q I X  annular sensor fuel pins with a power line extending through each 
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pin. If more than one pin is used, the power h e  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 Cl3EFSS 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 af the annular pin. There is an 
annular cooling channel between the power line and the annular fuel pin. l’he power line 
must be cooled or it will bum out due to high temperaturcs caused by neutroil/garnma 
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 noma1 operations. The coolant channel between the inside 
annular pin and the power line primarily cools the power line. 

The annular fuel pin is designed to reach the critical heat flux before m y  conventional fuel 
pin in the reactor does SO or before any pin reaches any other operating lirrlit 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 due to the insulatin 
steam and the temperature of the annular ftiel pin rises rapidly. This occurs s 
well-defined temperature. 

If the critical heat flux is exceeded, the temperature of the annular pin rises rapidly and, 
with the higher temperatures, heat i s  nansfemed to the inner cooling channel through the 
insulated layer in the annular pin. This causes steam to fama in h e  coolant chanrad 
between the annular pin and power the Bine, 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 deterniine when the in-core fuse will fail. 

There are alternative versioris of CHEFSS, including systems for fluid power systems 
rather thm electric power. In these systems, a high-pressure water line replaces the elec-hc 
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 thernial 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: 

e If the reactor is depressurized, it is possible to add enpergeticy core-cooling water by 
gravity drain of tanks above the reactor core or with the we 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. Iligh-pressure injection of molten core into 
containment increases the potential €or 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 depressurized by opening a small motor- 
operated valve that allows fluid fiom the pressurizer to push the large piston in the relief 
valve down, thus opening the valve. Since the surface area of the piston is larger than that 
of the valve, equal pressure on both sides of the piston/valve results in the valve going to 
the open position. 

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

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

0 High temperatures in the reactor core cause fusible plugs in the reactor in line to the 
relief valve to melt and fail. These plugs are similar in design to those used in water 
sprinkler systems. (See: Temperature-Activated Water Sprinklers.) 

Water, high-pressure steam, and other gases pressurize the lines. 

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

* 

Alternative Versions: Many design options exist. 

status of Technology: Limited theoretical calculations of system performance have been 
made. 

Advan-: 1 .  In-core conditions directly initiate operation of the 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 the 
TMI-2 accident (3). 

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

Additional R w  irementg: None 

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

Reference s/Con tac ts: 

1. C. W. Forsberg, U.S. Patent: Boilin? Water-Neutronic Reactor Incorporating; a 
Process Inherent Sa fetv Design, U.S. Patent 4,666,654 (May 19, 1987). 

G. Petrangeli, &€ore Inmns icallv Safe and S implified Lipht-Water Reactors, 
Direzione Sicurezza Nucleare E Protezione Sanitaria (Rome), RTI-DISP (85) 
(September 1985). 

. .  2 .  
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LJpdateKompiler: September 1989/CWF 

Nucl. Technol, a, No. 1 (entire issue) (August 1989). 
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TITLE: USE OF SELE 

Functional Reau imments: Level 1.1.3: Csnml 

safetv T m :  Inherent 

JlevebDme ntal Statu : 5 Concept 

Reactor T w :  Light-water reactor (LWR) 

Org;anlzatlon: University (University of Missouri) . .  

,J&gndes of Imolementatio~: None 

Descrigtion; The effect of temperature-induce, ~ n s i ~ - c o ~ ~ ~ ~ t ~ ~  phase uhmges on the 
average total nuclear cross section of various materials has k e n  demonstrated 
experimentally in the laboratoryl12 and is shown in Fig. l for tin. As used in this 
discussion, temperature-induced phase changes include aU realignments of the material 
crystalline lattice, including melting. With 
materials, it may be feasible to enhance the 
material and resonance-absorbing absorber materials so as to increase the reactivity 
feedback during reactor temperature excursions. 7%e materials selection must meet 
operational requirements of burnup, radiation exposure, temperature, and chen%cd 
environment of the reactor while providing t 
above normal operating values. As indica 
material densities caused by changes in phase, 

ropriate selection of fuel an 
r effect at phase changes 

ked feedback effects at kmperatms 
effect is independent of changes in 

Alternative Versions: None 

Status of Technology: This is an observ 
been investigated for practical applications. 

physical and neutronic ~ ~ ~ ~ ~ r ~ ~ ~ ~ n  that has not 

Advantapes: Inherent reactivity control mechanism 

Added Reauirernents: Maintenance of structure]. in1egrit-y in the reactor e ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~  

Comments: None 

ReferencesKontacts : 

1 . F. Y. Tsang and R. h/l. Brugger, "Doppler Effect ~ e a s ~ ~ ~ ~ ~ e ~ ~ s  of Tin by the 
Filtered Neutron Beam Technique," Wucl. Sci. and En%, a, 34 ( ~ 9 ~ ~ ~ ~  

2. R. M. Brugger and H. Amintar, "Doppler Measurements of 238 
Consultants MeetinP on Uranium and Plutonium Resonance Pxameters, Vienna, 
September 28 - October 2,108 1. 

I&date/Compiler: Apr. 1989DLM 
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Functional Reauirements: Level 1.1.3: Control Reactivity with Inherent Fecdback 

Safetv T m :  Inherent 

Develomnent Status: 5 Concept 

Reactor 'Tv~e: Light-water reactor (LWR) 

wanization: None 

Descrintion: In thermal neutron reactors such as LW s, hydrogen is the ~~~~~~~~~. 
Hydrogen can provide a negative nlsderator coefficient though two effects, 

, reactivity feedback of the moderator temperature coefficient is primarily 
nsity changes in the water affecting neutron slowing down, neutron leaksage, 

and the density of chemical shim. Change in the thernial neutron scattering 
characteristics of the hydrogen bound in the water molecule has 
temperature reactivity effect compared to the change in water de 

2. In the specialized water-cookd reactors suc 
neutron moderation is primarily effected by 
material that is intimately mixed with the he1 in the fuel element matsix. This effect is 
described herein. 

@A research reactors, the 
n bound in  the hydride 

In TNGA and some other specialkLed reactors, heat aa of the fuel element ~ ~ ~ t ~ ~ ~ ~ ~ i ~  a 
hydride material introduces little immediate density change in 
immediately change the "thermd scatteing" of neutrons off o 
hydrides. This effect is due to the chemical bond structure of 
temperamre. As the hydride heats up, the hydrogen atoms en 
This increases the probability that a thermal neutron will gain ener 
hydrogen atonis in the hydride lattice. The effect is to "hade 
spectrum in the fuel element and thereby increase the leakage of thema1 neucroeis from the 
fuel element into the cooler water-cooling channels where  re^^^^^^^^^^^^ and peferendal 
pwasitic capture of the neutrons in the hydrogen atoms that am bound in water take place. 
Increases in Uranium-235 loading or high burnup in ucing Plutomiurn-239 (with its 
large thermal fission resonance) tend to make the moderator coefficient of reactiviay of 
TMGA-type fuel less negative, but the use of a thermal resonance absm-ber such as 
Erbium- 167 will compensate for such positive reactivity effects. 

en bound in the 

Status of Technology: TRIGA fuel does not meet the power density axid te 
stability requirements of LWRs; however, similar inherent neutronic properties os' TRIG$- 
type fuels with large-prompt, negative-temperacure coefficients may be achievable in 
advanced LWR fuels with appropriate research. The t ~ ~ n ~ ~ o ~ y  is undeveloped for 
LWRs. 

Advantaceg lnherent safety 

Additional Requirements: Materials properties conipatib 
bumup, and high power density environment of current 
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Comments: N ~ n e  

ReferencesKsntaca: 

Uudate/Compiler: Apr. 1989DLM 
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Functional Rwuirement: Level 1.1.3: Control Reactivity with Inhemnt Feedback 
Level 1.2: Remove Core Heat 

Safetv Twq: Passive 

Developmental Status: 3 Evaluated 

Reactor Twe: Light-Water Reactor (LW) 

OrPanization: National. Laboratory (Kernforschungsanlage ~ ~ ~ ~ c h ~  

Examples of Jrnplementatiogi: None 

Descri~tion: The current fuel form for LWRs consists of meta 
pellets. The preferred clad, zircaloy, begins to weaken if temper 
Normal fuel clad operating temperatures are near 3WC. Man 
of E m s  are dependent on the maximum dlowabk fuel or clad 

If fuel clad and fuel temperature could be raised 5 
there would be major benefits in safety with major s ~ p ~ ~ ~ ~ ~ ~ n s  in reactor design. In 

C without major fuel failure, 

particular: 

1. The consequences of most, and perhaps, dl types ofreadvity accidents could be 
Rs have negative temperature reactivity coefficients &e-, raising fuel 

temperature lowers reactor power levels). This is a safety benefit, but with current 
fuels, not dl he consequences of various types of reacthi ty accidents can be: 
eliminated. Fuel d m g e  occurs before the fuel ~ n ~ ~ r a t ~ ~  is high enough to shut 
down the reactor with a negative teniperature reactivity coefficient. With higher 
temperature €uels, reactor shutdown could be assured before fuel damage. 

2. The consequences ~f loss-of-coolant accidents could $e el 
and reduced for larger reactors. A high-temperature fuel allo 
escape the core by themal radiation. For small reactor 
removed from the reactor core by thermal radiation and 
cores, the requirements for emergency core cooling are r d u c d .  

In the 30 years since the initkkl use of zkcaloy, major advances h ~ ~ ~ - ~ ~ ~ ~ ~ a ~ ~ ~  ceramic 
fuels have been made. For example, the high-temperature gas-cooled reactor uses a fuel 
where fuel damage is insignificant below 16oooC1. 
temperature totally ceramic fuel could be developed 
options. 

th current technology, a high- 
ape two basic 

The first option is to use a mudifid form of high-temperature gas-cooked reactor (HTGR) 
fuel for LwHs. Preliminary theoretical and experimental studies have been conducted for 
using these fuels in pressurized water reactors (IPUTRS)~ and water-cooled research 
reactors3. The designs proposed for P W s  would have reactor core pressure 
to existing reactors so as not to change most of the characteristics of existing PvIpRs. 
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Fig. 1. Schematic of PWR coated-particle fuel clement. 
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hn&onai Req.uire-en~.em: Level 1.2: Remove Core Heat 
Level I .  1.2: Limit Excess Reactivity 
Level 1.1.3 Control Reactivity with Inherent Feedback 

____I R e a c t o ~ :  Light-water reactor (LJWR) 

Organ ixa tion: National Laboratory (Chalk River National Laboratories) 

E&x-ii,ition: The use of dished and/or annulat- 1702 fuel pellets in fuel rods with axially 
interspaced thin graplaite disks has been tested extensively for applications to CANDU fiid 
sysrems. "I'he pellet and disk configumtion is used to decrease average operating fuel pellet 
tenipesaturzs &id change the temperature distribution within the fuel pellets. The graphite 
Iras a. high themla1 conductivity; therefore, it provides a heat conduction path to remove heat 
from the center sections of adjacent iiranium oxide pellets (Fig. 1). Uranium oxide has a 
very low t.hzr-mal conduciivity, which implies that normally high fuel pellet temperatures 
exist in  the center of r l x  fuel pellets. Reduced pellet temperatures and redistribution of 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ s  h ~ w g h o u t  the pellet have multiple benefits: 

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

The tliierrnal margin between normal operation and fuel damage is larger. Because 
reactors have negative temperature reactivity coefficients, the fuel can withstand larger 
reactivity r-zccidenbs before fuel f d m  due to excess temperatures. 

The temperature dimhition of the fuel pellet$ is changed which allows temperature 
eonin-ol of the fuel 10 maximize negative mctivity effects at different power levels. 

* 

* 

0 ecluced power reactivity requirements of fuel allow for extended bumup. 

-._- Status of TechnoIo_a: Experimental data and calculational analyses have been performed 
for CANDU reactors; no analysis has been performed for LWRs. For CANDU reactors, 
rhis fucl design is providing the basis far high-burnup, high-power, low-enriched fuel 
cycles. 

A d v a m :  Inherent safety 

Additional 1Peqiirements: None 
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1. R. D. MacDonald and I. J. Hastings, "Graphite Disk UO;, Fuel Elements Designed 
for Extended Bumups at High Powers,'# Nucl, Technol., 71,430 (1985). 
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Fig. 1. Schematic of Candu reactor fuel design with annulns fuel and graphite disk. 
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T ; u n c t i o n a l . - R e q n i ~ ~ ~ ~ ~ ~ :  Level 1.1.3 Control Reactivity with Inherent Feedback 

___ Safctv Tm: Passive 

Developmental Status: 5 Conccpo 

maniza t i sn :  1J nknown 

Examples of Impjernmtaiion: None 

Description: ‘I’k absorber (poison) pill is a we-once, emergency shutdown mechanism 
iniliated on high fuel temperatures. An example design (Fig. I)  consists of metal- 
encapsulated pills of a very m w g  neutron adsorber (e.g.> cadmium, enriched boron, or 
enriched g~ol in ium> inside sclecid amuiar fucl pellets which are inside LWR fuel pins. 

During nomial operarions, relatively few neutrons aac adsorbed by the absorber (poison) 
pills . The effrxiive neutron flux docs not see the pills because si‘ self-shielding effects of 
thc fuel around tl?e pill and due to the small dimensions of each pill (few neutrons go 
through the wlume caf any pill). 

If thc fuel overhcats, the poison pill contaii~er fails md releases the, neutron absorber inside 
the fuel pin. The neumn absorber, by gas diffusion, moves up and down the inside of the 
fuel pin. Some neutron dxorber may flow by gravity down the annular holes in the fuel 
pellets. As the neutron absorber spreads out, it is seen by the neutron flux, adsorbs 
~leutmns, and shuts down the r~actor. 

‘l’here are several irnpiTiint requirements and characteristics for absorber (poison) pills. To 
n3inirniz.e parasitic neutron adsorption during mmd operations, small pills with very high 
neutron cross-section materials me dcskabk Absorber (poison) pill failure could be 
initiated by melting of the coating material, high thermal stresses at high temperatures, or 
expansion of the absozber with ternperahre (such as cadmium melting to a liquid) and 
bursting of the pill. 

Alternative Versigm: Nc9ne 

Advantam: Passive technology that cannot be bypassed or stopped by an operator, 

Mditiond Reau&xnentg: None 

.>s~irnen,&: No analysis of this concept has btxn identified. The closest related work are 
studies on burnable absorbers. n e  concefitrations of absorbers in fuel. pellets in these 
studies1 have becn several orders of magnitude less than would exist in an absorber 
(poison) pill. 
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Fig. 1. Poison-pill fuel pin. 
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6.1 INT'KOOUCTIC3N 

This chapter describes structures, system, and compoi?ents (SSCs) for light- 

water reactGt$31;'s (LWRs) that meet :he functinnd rquircriueuit to rcmovc core heat (Table 3. I; 

Function 1.2). This requirerrient is met by ensuring the prcscace of m adcquate amount of 

water in thr: LW-R core. 'Pkere are tlrree wlxier functional rcquirenicnts: (1) main*& eorc 

coslarit b ~ ~ d a r y  htCFiiy, (2) maintain C G I ~  cadant makeq, and (3) Dmspmt heat to 

ultimate heat sink. 

The decay heat t lm muss be removed from thc core is a f~i i ido~i  of fhc decay 

power after shutdown. 'l'he decay power a d  integral decay lieat pzn W ( t )  of reactor 

output are chown in Fig. 1 for a t j @ d  pmsuximd-watcr ren~toor (PWR). The assumed 

fuel cyclc for Fig. 1 consists of three imadia60ri cycles, wkt i  we-third of thc fuel irradiated 

to a bumrip of 11 gigawatt-days *per m e ~ i e  tca of initial hmvy metal [GW(d)/MTIHMj, 

anmothm onc-thkd to 22 GW(d)/IMTwM, and the findl ~ ~ i ~ - i h ~ d  to 33 C;W(d>/r(?a?'IXIM. 

The decay heat values were obtained using the OREEN3 computer code.' The amount of 

cooling water requirtxi to rcrnave hie core decay k a t  pei M-W(t) of reactor nuput is shown 

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

presswe of 1 am, The rate of heat rcrmval and the cumulative heat removal requirements 

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

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

Description Title 

Process Inherent Ultimate Safety (PIUS) Reactor 
Technology 

Passively Safe Pressurized-Water Reactor with Gas 
Bubble 

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

In- R e x  tor- Core-Power Fuses 

High Temperature Ceramics, Clads, and Fuels 
for LWR 
Graphite-Disk U02 Fuel Elements for Enhanced 
Thermal Margin and Reduced Excess Reactivity 

Fluidic In-Vessel Emergency Core-Cooling System 

Low-Water-Level Initiated, Hydraulic-Valve 
Operated,Emergency 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 

Function 

1.2 

1.2 

1.2 

1.2.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2.1 

1.2 

1.2.1 

1.2.1 

1.2.1 

1.2.1 

1.2.1 

Location of 
Description 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 5 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

5-4 

5-13 

5-17 

5-49 

5-61 

5-65 

6-9 

6-15 

6-19 

6-26 

6-29 

6-32 

6-38 

6-38 

6-42 

6-45 

6-46 

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 

ecay Heat Removal by Natural Air Circulation 
Steam Condensers 

Cooling Ponds 

Water Quench Pool with Air Cooler for Reactor 
Accident arid Decay Heat Sink 

Decay Heat Remaval with Seawater 

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

Reduction of Coolant/Clad Chemical Reactions 
Under Severe Accident Conditions 

Double Pressure Vessel 

~ontinuous/Simultaneous Pump Ipressurizer 

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

In-Containment Pos t-Accident Water Collection 

1.2.3 

1.2.2 

1.2.2 

1,2.2 

1.2.3 

1.2.3 

1.2.3 

1.2.3 

1.2.3 

1.2.3 

1.2.3 

1.2.1 

1.2.2 

1.2.3 

1.2.2 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 6 

Chapter 7 

Chapter 8 

Chapter 9 

Chapter 11 

Chapter 12 

6-50 

6-55 

6-58 

6-60 

6-65 

6-71 

6-75 

6-79 

6-84 

6-86 

7-3 

8-3 

9-7 

11-67 

12-5 



Tabia 6.2. Decay b a t  Removal Requirements Pa: : MW:? Outou: 3: a Reactor 

Xrne 
(wcoonds) 

0 
6 0  

3 0 s  
G C O  

1 2 3 0  
2400  
3600 

14400  
28800  
43200  
86490  

172830  
259200  
345600  
432000 
5 i 8 4 0 6  
604B00 
SsL120C 
777500 
964000  
S5040G 

13368'30 
4 723230 
t2G9550  
16:443G 
244 9200  
3024300  
3628800  
4233600 
4838400 
5443230  
6048000 
6.352800 
7257630 

%ne 
(days) 

0 
6.94E-04 
3.47E-03 
6.34E-03 
1.3SE-02 
2 78E-02 
4.1 7E-C2 
1 6 7 E - 0 1  
3.33E-01 
5.00E-01 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 
1 2  
1 3  
14 
21 
2 8  
3 5  
4 2  
4 9  
5 6  
5 3  
7 0  
7 7  
8 4  

15779000 : ~ 2 . 6 2 7 3 1 5  
31 558000 365.25463 

Rate of Heat Removai Roqiiirenent Cumuiative Heat Re;rovai Saquiremen; 

Decay Power 
(MWlh) 

5.775E-02 
3.295E-02 
2.399E-02 
2.3 84 E - G 2 
1.765E-02 
.i .44: E-02 
i .265E-02 
8.337E-C3 
€i.Y4UE-03 
6.233E-63 
S.11DE-03 
4.110E-03 
3.562E-03 
3.190E-03 
2. B C 9 E - 0 3 
2. G 89E - C 3  
2.510E-03 
2.363E-03 
2.238E-03 
2.432E-03 
2.340E.G3 
1.959E-C3 
: .588E-G3 
;.1;24€-03 
i.50SE-03 
7.305E-03 
1. : 6 -! E-03 
1.550E-03 
9.631E-04 
8.921E-04 
a . 3 2 6 ~ - 0 4  
1.816E-04 
7.373E-C4 
6 .577E-04  
3.861E-04 
2.007E-04 

Boil Water 
(?=1 atm) 
(m3/howri 

5.497E-02 
Y.616E-02 

3.995E-02 
3.469E-02 
2.940E-02 
2.395E-C2 
2. ? 06 E -  0 2 
1.399E-02 
i . l 5 7 E - 0 2  
1 .03 tE -02  
3.506E-03 
6,864E-03 
5.951 E-03 
5.31:E-G3 
4.844E-C3 
4.4;7E-C3 
4.180E-C3 
3.9.; 4 E- c 3 
3.726E-03 
5.549E-03 
3.396E-03 
3.252E-03 
3.143E-C3 
3.337E-03 
2.508E-03 
2.173E-03 
'1.933E-03 
1.749E-03 
1.604E-03 
1.485E-03 
1.3E6E-03 
7.30: E-03 
1.227E-03 
3.162E-03 
6.529E-GJ 
3.342E-C4 

Heal Water 10 C 
(,p= '! aim) 
(rn3hour) 

5.1 5SE+30 
2.943E+J0 
2.1 J3E+03 
7.661 E+O5 
? .577E+C3 
;.287E+C0 
? . ; 30 E+CO 
7.21 5 4 E - 0 ? 
8 .205E-0 i 
5.567E-01 
4 . 5 6 4 i - 0 1  
3.671E-01 
3. :81€-31 
2.64 9 E - 0 1 
2.59BE-34 
2.402E-01 
2.24 2 € - 0 1 
2.11CE-01 
1.993E-01 
1.904E-31 
'1.322E-01 
4.750E-04 
1 .686E- i i i  
4.629E-31 
1.345E-01 
1 . 'i 66 E- 3 'I 
1 .037E-01 
9.382E-02 
B . ~ C I I E - O ~  
7 . 9 6 e ~ - 3 2  
7.43SE-02 
5.991 E-32 
S.505,E-02 
6.232E-32 
3.44BE-32 
;.793E-32 

Integral 
Decay Power 

5 
3.150E-05 
1.1 D G E - O L  
1.884E-04 
3.221E-34 
5.4 4 7 E - 0 A 

7.326E-04 
2.045E-93 
3.31 9E-03 
4.4 i f )E-03 
7.253E-05 
I .  1 8 s - 0 2  
4.57OE-32 
1 .SOBE-02 
2.212E-32 
2.492E-02 
2.752E-02 
2.996E-02 

3.445E-02 

(MW@ 

3 . 2  26 E - 3 2 

3.6 53 E -32  
3,655E.32 
4.045E-02 
4.231E-02 
5.396E-02 
6.3BOE-02 
7.244E-32 
8.017E-t i2 
8 .722E-02 
0.371 5 3 2  
9.975E-02 
1.054E-3: 
1 . ?  37E-07 
1.; 57E-G? 
1.692E-01 
2.22BE-01 

Boil Water 
(p=l aim) 

0 
'!. 2535-03 
4 . 4 i 3 E - 0 3  
7.529E-03 

(m3) 

i . 2 a 7 ~ - 3 2  

2 . 9 2 e ~ - 0 2  
2.: 77E-52 

8.17: E-02 
1.926E-01 
I ,765E-01 

2.89YE-01 
4.74 1 E-O 4 
5 .274  E - 3 1 
7.6 23 E- li 1 
9.847 E-31  
iJ.960E-01 
1 .!COE+OO 
!.:97E+00 
:, ,289 E + 3 C 
: , 3 7 6 E c N  
:.4SOE+90 
.540€+00 

1.61 7E+SO 

2.156E+OD 
2.550E+00 
2.895E+CO 
3.204€+00 
3.465€+00 
3.745E+00 
3.956E+00 
4.21 2 5 0 0  
4.4  2 4 E +0 3 
<.625E+CO 
6.76 1 €+OD 
8 .902 f+00  

:.fiSiE+OO 

_ .___  

Boil Water 
(p=YOOO psi) 

0 
2.429E-03 

( f i l  

a . 5 3 0 ~ - 0 3  
T.453E-02 
2.464E-G2 
4.2G2E-G2 
5.65TE-02 
1.577E-01 
2.5GOE-01 
3.408E-07 
5.595E-0 i 
9.15;E-Ol 
1.21 IE+Oi)  
4.471E+03 
:.737E.FD0 
1.922E+D5 
2:i23E+00 
2.Sl ' iE+30 
2.488Es03 
2.657E+OC) 
2.81BE+03 
2.972€+35 
3.120E+03 
3.264E+30 
4.:63€+00 
4.9 2 2 E + 0 0 
5.567EcOC 
6.1 84 E +00 
6.72BE+00 
7.229E+00 
7.654E+OG 

8.54 DE + :IC 
8.927E + O C  
1.305E+O: 
I. 7'1 RE+O I 

a. ! m ~ + m  

- _ _ - - - _ - . _ . -  
Boil Water 

(p-2000 psi) 
(m3) 

3 
4.051E-03 
I . 422E-32  
2.4255-32 
4. > 42E-32 
7.036E-02 
9.423E-02 
2.63CE-0: 

5.682E-3: 
9.3 29 E- '3 i 
'1.526E+:10 
2.3'9E+CO 
2.4535+00 
2.846E-bC3 
3.206E+00 
3.54 0 E + C 3 
3.853E +GO 
4. ;49E+GO 
4.4 3 3 E .t 0 0 
L.698E+03 
4.956E+DD 
5.203€+03 
5.c42Et00 
6.54.i €+OS 
8.23ijE+00 
9.37 6E+30 
1.031 E+O 1 
1.122E+01 
1.235E+Ol 
:.283E+04 
3.356€+01 
i .424E+31 
S.riBSE+i)i 
2.: 76E+O 1 
2.86 5E+O I 

4.26 9 E -9 ''0 

- - _ _ - . _ _ _ _ _  
Heat Water 10 C 

(F= 1 atm) 
(W 

0 
6.75 'E-02 
2.3 70E-0: 
4.0 3 9 E -0 'i 
6.9G3E-01 
1 . 1 6 8 E + C 3  
1.570E+00 
4.383E+03 
?.-I? SE+OO 
9.463€+03 
1.555E+01 
2.543E+Oi 
3.365E+31 
4.089E+01 
4.7t2E+51 
5.34  2 E + 3 'I 
5.93OE +D 1 
6.422€+01 
6.915E+O I 
7.3YJE+3; 
7.8ZOE+ii! 
El. 259E +ti i 
8.67!€+0: 
9.06 YE -t G 1 
1.157E +02 
1.36BEiC2 
1.553E+C2 
1.71 9E+02 
' l .87QE+02 
2 . 0 0 9 3 G 2  
2. i3BE+02 
2.259€+02 
2.373E+02 
2.481 E+02 
3.626Ei02 
4.775Ea02 
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TITLE: FLUIDIC IN-VESSEL EMEXGENCY CORE-COOLING SYSTEM 

b t i o n a l  Keauirement : Level 1.2: Remove Core Heat 
Level 1.1.1: Provide Process Shutdown Mechanism 

&fe ty Type: Passive 

Develonmental w: 4 Analyzed 

pI&ilctor Type: Light-Water Reactor (LWR) 

(Jrganization: National Laboratory (Oak Ridge National Laboratory) 

-des - of Tmdementation: None 

Description: The Uuidic In-xessel &imergency Core Cooling System (EVES) is a key 
component 1-3 of a reactor concept called the prrW=ess lnherent Ultimate Safety boiling 
water reactor (PWS B W > .  FNES can, however, be used as an emergency core-cooling 
system for either a BWR or a pressurized-water reactor (PWR). 

?n the PTUS/i3WR, the conventional BWR system is placed within a very large prestress 
concrete reactor vessel (PCRV) along with a supply of borated emergency corecooling 
water (see Fig. 1). The reactor system and borated water supply are at the same pressure. 
FWES includes the mechanisms to allow the borated water to enter the reactor core and 
shut it down and cool it in an emergency. The in-vessel borated water supply is 
sufficiently large to cool the reactor core by boil-off of water for a period of one week after 
an accident. 

As shown in Fig. 1 the FIVES has three major components (1) a large volume of cool 
borated water at reactor pressure (2) a fluidic valve assembly (see Fig. 2) that separates 
cool, borated, emergency water supplies h m  hot reactor water; and (3) the F W S  water 
pump system tlat provides power to the fluidic valve and detects water shortages in the 
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 with each other near the top of the pressure vessel through a hot/cold in: - +ace 
zone where hot, low-density, clean reactor water lies on top of cold, high-density, borated 
water. Near the bottom of the pressure vessel, the two water zones are connected by a 
fluidic valve. The pressure of the cool borated water is somewhat higher in this location 
than the pressure of the reactor coolant because it is more dense. If the fluidic valve opens, 
the core is flooded with borated water, which shuts down the 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 the F1CVF.S water pump system. 

Protection against a low water level in the reactor vessel is provided by positioning the 
HVES water pump system high above the reactor core (Fig. 1). If a loss of feedwater 
occurs, the pumps will go dry before the reactor core is uncovered, and no water will be 

1 of 6 



6-10 

sent to the fluidic valve. This lack of water triggers the valve to open and floods the rcactor 
with the cool borated water within seconds, The volume of reactor water in the down- 
comer between the elevation of the water in the steam separator and that in the water pump 
intake is sized so that normal plant transients will not activate the FIVES. The FIVE3 will 
self-activate only if there is a major threat to core integrity. The FNES water pump system 
is, in effect, both the power supply system for the fluidic valve and a sensor of water level 
in the reactor; in other words, a fail-safe sensor. 

The central coniponent of FIVES is the vortex fluidic valve assembly (see Fig. 29, which is 
a modified vortex fluidic amplifier operated as a valve, 'This is similar to a conventional 
centrifugal pump with a blocked exit line. The incoming FIVES water is injected 
tangentially at high velocities into the vortex casing, causing the water to move in a circle. 
The centrifugal forces create higher pressures near the outside surface of the ~ o r t e x  valve 
casing and lower pressures near the inside. The outside surface has holes (short lengths of 
hibhg) that connect it to a zone of clean, higher-pressure reactor water, which, in t u n ,  is 
in contact with the borated water zone through a hot/cold water interface zone. The center 
of the vortex casing is connected to the downcomer and exhausts FIVES water to the 
downcomer. By adjusting the output of the FIVES water pump, these pressures can be 
made to match the pressures of the ~ W O  water zones. In effect, a valve exists that uses the 
dynamic forces of water, rather than pieces of metal, to prevent flow through the valve, 

Below the fluidic valve, hot/cold water interface mne sensors determine the interface 
location. These sensors are used to control the speed of the FIVES water pump system 
during nomial operation. If the borated water interface rises relative to the reactor coolant 
interface, the FIWS water pump speeds up, increasing the pressure of the reactor coolant 
in the vortex valve box and pushing the interface back to its correct position. The reverse 
operation occurs if the borated water interface drops. Boron may leak through the 
interface, so the exits to the reactor coolant cleanup systems (not shown) are located within 
the fluidic valve. 

Alternative Versions: The basic concept of HVES provides reactor core cooling until the 
volume of pool water has evaporated. For typical designs, a one-week supply of water is 
provided inside the pressure vessel. This cooling time can be extended indefinitely by use 
of any one of several long-term options to cool the borated water an hence, the reactor 
core. The one-week grace period provided by the borated water evaprarion implies that 
radioactive decay heat from the neactor core will have decreased significantly in this t h e  
period. In practice, heat leaks through the insulation from the hot primary system to the 
cool borated water during nomal operation; therefoE, borated water coolers arc needed for 
nomal operation and can be used in an emergency. 

There are multiple long-term operations for cooling the borated water (see also SSC: Heat 
Pipe Cooljliag for eactor Containment or Decay-Heat Cooling Systems), including use of 
natural circulation air coolers (see Fig.. this 0ption2.3, the borated water cotp~ers, 
contain a fluid such as ammonia. The a boils in the coolers removing heat from the 
borated water. The vapor state ammonia flows to an air cooler, is condensed, and the 
liquid flows back to the borated water coolers. The air coolers can operate either with fans 
OK as natural air circulation units. 

During nomal operations, the borated water is kept near 5 O O C  In emergency conditions, 
the borated water will be at the boiling point of water (10WC) if the reactor is fully 
depressurized. Air cooler performance improves rapidly with higher-temperature 
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operation. XIP a number of proposed designs2, rcquixenients far coolling borated water 
during normal operations conuralleed the designs, F0r exaniple, an air cooler requiring 
active fans for n o d  borated water coaling could handle higher-temperature decayheat 
cooling requirements with air cooler fans off, 

These auxiliary cooling methods provide protection essentially forever; however, such 
cooling techniques we not as reliable against natural 01- mm-mlade assault as is the basic 

S v :  Preliminary engineering calculations ave been done for FIVES. 
’The fluidic valve technology is not totally new. Some types of fluidic valves have been 
developed for nuclear fuel reprocessing plants. 

Advm tarxes: Totally passive technology 

Commenh: None 

. Forsberg, &)iline Water Neutronic Reactor Ixorporatin9: Process Inherent 
Safety Desi=, U.S. Patent 4,666,654 (May 19, 1987). 

2. C. W. Forsberg, “A Process lnherent Ultimate Safety oiling-Water Reactor,” 
--- NUCB. Tech, =* 121 (1986). 

3, C.  W. Forsberg, “‘Passive Emergency Coding Sys terns for Boiling-Water R e a c t ~ ~  
QIJECBS-BWR), Nucl. Tech., 7fi, 1x5 (Jan. 1987). 

UJ&xe/c smtprler: Jan. 1989/CWF 
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ORNL DWG 85-423 

FIVES WATER PUMP 

BOTTOM CORNER 
OF 

REACTOR CORE 

(HOT REACTOR 
COOLANT 1 

PRESSURE = Pi 
- -  

I 

VALVE 
Box $ 

$ 

I AT PRESSURE OF 
COOL, BORATED WATER 

....... ...... 
%:TO CONTROL WATER 
............ ............ PUMP OUTPUT 
............. ............ ............. ............ ............. ............ .... , ........ ........... 

WATER CLEANUP 
SYSTEM EXIT LINE HOT 

... ..q.....:. .... ........... ........... ......,..... 
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INTERFACE 
COOL BORATED WATER 

Fig. 2. Vortex fluidic valve assembly. 
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I._I.._- A d d i t i o 9 k e m c n t s :  None 

~.li71Tif.T1&: Inn h e  event of a coolant leak iii the pressure vessel and subseqneiit reducdon 
of thc prcswrc vessel water level, this rncchanisni will depressurize the reactor. As 
dep7ressurizatjon pnogresses, less coolant will he forced out thc leak and such a leak may 
cvcntually stop. 

1. K. IIaiinegz, Boiiing Reactor, U.S. Patent Nnmber 4,363,780 (Dec. 14, 1982). 
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Safety Tvpg: Passive 

Developme ntal Status : 4 Andy 

Reactor Tym: Pressurized-water reactor (1' 

Qrizanization: - National Laboratory (Japan AamJh: Energy Wesemh BnstAute) and 
University (University of Rome [Italy] ). 

Examules of Implementation: None 

Des-tion; The shutdown of the p r h x y  ~~~~~~~~~~~ pumps in ;i PWR can be used as a 
mechanism to trigger into operation vari 
passive decay heat removal systems, 01- 
shutdown can be initiated by control sys 
levels and steam in the primaq circuit. 
change in relative pressure throughout t 

1. SPWR System - The Japanese 
(SPWR) is similar in some res 
concept (see &mess Inherent 
core pig. 1) is immersed in w 
through a hodcold interface z 
borated water. The cool, hiig 
shutdown and (2) emergenc 
does not mix with the hot, 1 
water interface zone. The 
coolant volume above the 
When the valves open, w 
and cool, borated water 
core and it shuts down. 
necessary, a separate se 
poison to the reactor core via pumps. 

The valve to the emergency boraked water 
normally held closed by the force of warier 
(Figs. 2a and 2b). The large clearance betwen the piston and the cylinder wail 
allows some water leakage around the pistcm. This prevents the p s s i b  
piston binding against the wall. The pision is attached l y  2% ~~~~~~~~~ 

weight that is sized to overcome a nirnam cielivery pressure from the 
recirculation pump. If a low water level 
pressure to fall below the mh-huan ~xqu 
pulls open the valve, allowing regular re 
poison tank and cool, borated water out 
reactor core (Fig. 4b). 

y as ~~~~~~~~l~~~ by a ~y~~~~~~~ piston 
the maim r~acmr recirculation pumps 

rap causes the pump delivery 
VC%CO%lIt2 alae weight, the weight 
mt or steam into the top of the 
lorn of the ~"ossmn tank to the 
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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 puny failure. The system has three components: 

The ps i i i iq  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 onc way valve and i s  connected to the inlet (higher pressure) and 
outlet (lower pressure) of the reactor pressure vessel. When the main 
circulatiori pump operatcs, there is no flow through this loop because flow is 
stopped by the one way valve, 

A natural circulation heat transfer loop transfers heat from the heat exchanger 
with primary fluid flow to alp external heat sink. 

The natural circulation heat transfer loop dumps the heat to an external heat 
sink. There are multiple options for external heat sinks. The MARS concept 
uses a boiling-water bath where heat i s  rejected by boiling water (see: 
Condensation of Pressurized Steam or Cooling Hot Water with Boiling Water 
Bath). Some of the water i s  condensed in an air cooler and returned to the 
water bath. Exiting steam handles high &cay heat loads immediately after 
reactor shutdown while the air cooled steam condenser handles long-term decay 
heat cooling loads, 

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

There are multiple design options including: 

The decay heat piping system may be loatld with borated water. In this case, 
pump failure results in borated water injection into the reactor core and reactor 
shutdown. 

The one way valve can be a no-moving pats fluidic valve (see: Fluidic 
Diodes). TRis results in some movement of water through the primary system 
natural circulation demy heat piping system with some loss of heat during 
n o m d  operation but allows for a totally passive system with a no-moving-part 
one way valve. 

Alternative Versions: None 

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

Italian System - Preliminary studies have been initiated. 2 

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 fur reactor 
operation, the safety performance of the system operates passively. 

Additional Require men& None 

Comments: None 

&ferences/Con tac tS: 

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

2. Department of Energetics of La Sapienza University of Rome (Italy), Draft: 
Multipurpose Advanced Reactor Inherently Safr; (July 1989). 

M. Caira, M. Cumo, and A. Naviglio, "MARS ReacEor: A Proven PWR Technology 
Combined with Advanced, Safety Requirements," m a  Nuclearg a 
(May/Sept. 1987) 

3. 

JJ~&te/Compiler: Oct. 1989/@WF 
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Table 1 Majer Design Parameters for the Japanese System-Integrated 
Bessurized-aater Reactor (SPWR) 

.I ~~ 

Reactor 
Themd power 
Coolant inlet/outlet temperature 
Coolant flow rate 
Core outlet pressure 
Cere pressure drop 
Steam generator pressure drop 
Reactor pressure vessel inside diameter 

Equivalent core diameterheight 
Core average power density 

Main circulatin? ~ u m p  (one unit) 
Flow rate 
Delivery pressm 

Diameter of impeller 
Rotating speed 

Steam enerator 
Steam temperaturdpressure 
Fwd water temperature 
Steam flaw rate 
Steam generator inner/outer diameter 
Steam generator height 

Poison injectioqsystem 
Natural boron content 
Poison temperamre 
Initial driving force 
Number of hydraulic pressure valves 
Number of rapid-opening valves 

&&auk pressme valves 
Valve Port 
Cylinder diameter 
Piston diameter 
Annular space gap diameter 
Estimated leakage flow 
Percent of rated main circulating 
pump flow required for closure 

Attached weight 
Lifting force supplied to piston 
at full power operation 

1,100 MW(t) 
280!/3100 c 
24,000 t h  
13 MPa 
0.035 MYa 
0.18 MPa 
6.6 in 

2.83/2.0 m 
84 haW(t)Jid 

26,WQ +Jh 
0.23 MPa 

1.5 rn 
a0 HT'm 

=.4,m ppm 
150 10°C 
0.031 MPa 
3 
3 

48% 
170 kg 

1.26 It 
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(4 
NORMAL OPERATION - 

VALVE CLOSED 

AKAGE FLOW 

INLET ZONE OF 
REACTOR COOLANT 

CIRCULATION FLOW FROM MAIN 
CIRCULA’TION PUMP 

UPPER BORATED-WATER 
POISON TANK 

(b) 
EMERGENCY OPERATION - 

VALVE OPEN 

UPPER BORATED-WATER 
POISON TANK 

0.6 

0.4 
h 
E 

c v 

w 0.2 
2 
B 
W 

0 E a 
-0.2 

-0.4 

LIFTING FORCE DUE TU DIFFERENTIAL PRESSURE 
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Fig. 2. Characteristics of hydraulic pressure valve. 
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m: L ~ v e l  1.2: Remove Core Heat 
Level 1.1.1: Provide Process Shutdown M c c h ~ s m  

Reactor Tv;: Ressurkxd-water reactor (PWR) 

Qrmnizationr National Lalx9ratcx=y (Japan Atomic Energy Research Institute) 

: None 

The PSSS comists of a tmk of cold water that is coranxtcd between the hot and cold legs 
of the qarixmary coolant lwp(s) of a PWW as shown in fig. 1. Dnring noma1 reactcar 
operatiion the coolant ins& t h ~  PSSS is hydraulically isolated from the rest of the RCS. 
Only during a severe reactor transient will the stagnant PSSS cr;pcpil;ux& start to flow from the 
hot leg to the cold leg. The hydraulic isslation of the PSSS i s  achieved by controlling the 
head and loss coefficieent of regulating pumps A and B in the cold leg of the primary coolant 
loop (as shown in Fig. I>. By carefully cowtrolling these ecnca-ifirgal pumps, the pressure 
drop across the PSSS (from point 1 to point 2 in Fig. 1) can be eliminated, resulting in a 
stagnant flow csr,diaion. 'l'he c a h - d  may contain neurron absorkers that act to passively 
shut down the reactor. 

Applicaiion of the BSSS to enhance PM-R safety during a postulated accident has k e n  
stu.didl using the "HYDE-W Analysis Cde21 3. The analysi s modeled a typical nuclear 
steam supply systcm (NSSS) of a four-loop 1 lW-MW(e) ZWR. ']The PSSS in this model 
contained 2s muck coolant as is found in a typical. NSSS accuniulat~r. The neuuon 
absorber in rhc P S S S  was boron at a concentration of 54390 ppwri. 

Calculations with and without a PSSS in the Nuclear Steam Supply System (NSSS) 
showed that thc PSSS enhanced passive reactor safety during an mticipated transient 
without scram (ATWS) under loss of normal ac power. The conservative assumptions 
were complete lass of feedwater arid main steam flow in 5 seconds, complete coast down 
of all pumps in 15 seconds, and insertion failtire of the scratn rods. TRe results indicate that 
the BSSS adequately cornpensated for the AT'WS without ogerator intervention or the use 
of other RCGS cornpotients. Small-and large-break loss-of-coolant accidents &OCA) were 
also analyzed, with the results showing an increasc in the walkaway period with the 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, the high-pressure injection system, or the accurnulatoa3rs, None of these 
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co1nponents was requ 
systems * 

to halt the postulated transients when a PSSS was in the modeled 

nary modeling of this concept has shown how the PSSS 
UI a PWR during an ATWS under loss of normal ac power. 

: 1 e ~~~~~~ core cooling during an ATWS accident. 
2. hereases the walkaway period of a PWR during both a small- and large- 

bEak LDCA, 
3.  Provides a passive reactor shutdown mechanism during anticipated 

transients. 
4. The &vice is passive in operation. 

~ ~ ~ ~ ~ ~ t i ~ n ~  ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ s ~  Obtaining hydraulic isolation of the PSSS during all nomal 
operatinag procedilres m y  require the use of other passive systems. The hot and cold leg 
mnteifaces must be vertical to help stabilize and prevent horizontal coolant flow. The 
Interfrrces will be ckm,u-hd 
TO prevent horizonM flow. 

y themal and molecular diffusion. Baffles also may be used 

: 'The technology has some characteristics of the PIUS reactor concept (see: 
Process Wnerent Ukhate  Safety Reactor Technology). 

1 e Yoshiro Asahi, IHiroaki Wakabayashi, Tadashi Watanabe, ''Improvement of Passive 
Safety of Reactors7" Nucl. Sci. and Erg ., s, 73-84 (May 1987). 

(1984)- 
2. Y. Asahi and Y. Suzuki, 4 n T hn 1 , 2 (9 ) ,657  

, JAEIU- 
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TITLE: FLUIDIZED-BED PRE?SSURIZED-WAER REACTOR 

Functional Reauiremenu: Level 1.1 : Control Core Heat Generation Rate 
Level 1.2: Remove Core Meat 

Safetv TWQ: Passive 

Developmental Statu$: 5 Concept 

Beactor TVR: Pressurizd-water reactor (PWR) 

Organization: Multiple 

Examples of Implementation: None 

JJescriDtion: 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 
that are "fluidized" or suspended in an upward-flowing liquid such as water. Unlike a gas- 
cooled pebble bed reactor, the fuel pellets are actually suspended in the 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 the moderator-to-fuel ratio as the fuel pellets rise 
from the bed. At first 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 rostS and provide safety against 
reactivity accidents. 

Other unique characteristics of a fluidized-bed reactor include the high heat-transfer rates due 
to the 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 U02 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 UQ2 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 approxiniately 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 conf"iguration. A spent fuel pool is 
located under the reactor modules and is capable of absorbing the decay heat after reactor 
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shutdcw~n. The, fuel can a lw bc & s c h q c d  1 i k  bo:aom of the modules into the spent 
fuel pool dming rcfwling or aftcr a !css of coolant flow. Csticality control and enhanced 
cooling could be: achieved by placing fud chutes or tubes under the fuel discharge valves to 
direct the fuel pellets into a w k k ,  less ciitical gcomem in the spent fuel pool. 

0 t h ~ ~  fiuidizeA-b;=ci 1';=2ctor cemczpts have beer\ y i ~ j 7 ~ ~ d  that are not modular in design. 
Physical barriers to h i t  t k  rictive cole 1-cighn, S U G ~  as the level limiter shown in Fig. 1, are 
not always uscd and. instead, the  reactor pressure vesscE is designed with a flared top so 
that the resulting cZc&i.:ase in thc icmlant flew velocity at tbc top of the core will contain the 
fuel peiPzts. Reactivity contml i s  thei: acliiecd by controlling the coolant flow rate and by 
limiting die amount of fuel available so as to a.cl.iieve a minimal critical mass. Fuel pellets 
can be added on-line to correct for fiiel depletion and fission product accumulation. 

--. Advantam: 1. Passive conmi of reac! ivity eli;lilirnatcs need for control rods and burnable 
absorkr. Fluid k i d  chmcieuisrics provide inherent limit to reactivity. 

2. Some fluidized bcb designs gravide for passive emergency-core cooling 
capabilities. 

1. 

2. 

3.  

4. 

5. 

6.  

E'. SefPdvasli, "A Fluidized-Red Nuclear Reactor Concept," Technol,, 71,527 
(Dec. 1985). 

Ll&date/ComDiler: May 1989/W.fR 
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Fig. 1. Fluidized-bed pressurized-water reactor. 
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- Descriprion: P;cst8-t-:ssrxl c c n c ~ t i :  reactor vessels (PCRV) are being conside~ed for use 
with advanced light-watcs reaciars. Thc potential advaiilages include: (1) PCWYs can be 
built in sizes riurb ixger than steel vesscls, ( 2 )  the ex erienee with PCRVs in gas-cooled 
reactors has been exce'l!ec;t, aDd (3) PCMYs may be desigrisd with relatively benign failure 
modes. FIgw-c 1 shows thc design of a cumcrit British Advanced Gas-Cmled Reactor 
vesscl and a proposed vessel for EWS-type ~cactors. (See. Process Iidwent 1Jltimate 
Safety Ernerge~cy Core tooling System aid Fluidic In-Vessel Emergency Core-Cooling 
System.) 

A FCRV is a comp 
contairxs b o ~ h  steel cablcs and steel rebar. "iI'he steel cables "wapging" the pressure vessel 
az-c prestressed to hold thc vessel together in comp~ssion at all operating p~ssiarres 
(Fig. 2). During raorrnal ~ p e r ~ t i ~ s ,  t k  s tmct~-~d effect of the steel rebar i s  to ensure 
local distribuiion of st~csses within the vessel md thus mkice or pEvent crack formation. 
The concrete is the filler and provides the mass of the vessell, 'x'his m s s  results in a vessel 
that can withstasid, without failurc9 impact (accident) or shock (explosive) loadings that 
are much larger than can Iw: tdcratexl with other types of grcsszan vessels. 

te COIK rzte-md-steel prcssure vessel wkae.9.e the concrete s m c m e  

PCRVs are desigracd for only bei-sign €ailme modes. A E'CRV has rhcPusamls of 
preswessed cables. With this mlutzdant smictiiiral characteristic, the loss of mdtiple 
cables does not thcaten vessel integrity. With nuclear-grade vessels, sufficient steel rebar 
is inchadd to cfisure vessd integrity (brit with pemaient damage) in the event that all 
pres~cssed cables are cksiroyecl. If a wesscl is ove~l-essuri~ed, small cracks will open in 
the concrete and, thus, will vciit the vessel fluid. With the prcstressed cables, the vessel 
will reseal a,ftrr suffllcicnt f a i d  exists to lower &e pressure. 

Current dcvelqmerrts of PCfKYs for EW R applications have hcludex5 one adclitiond 
feature to ~IISIETC vewel ilnicgrity agaitist leaks. 'This is a double-liner system where the 
vessel cross section from the inside to thc outside the vessel consists of ;tainleess steel 
liner, 1 rn of c o ~ c m c ,  eiiiberkdeii steel liner, and 6 to 8 rn of concrete. The embedded 
liner I s  pi=c!cc:d agaiast 
protects the bnrtot-tn 90% 
to the tup of the vessel. In the event 
designeil !o leak near t'nc tap of the p 

ax events by the 1 m of concrete. The seconcby liner 
vessel against leaks, The seconakry liner is not extended 

very sevcre overpressure accident, the vessel is 
iire vessel. This fezitme allows steam to escape 

1 of 6 



6-33 

5 .  feasibility sf tab 
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6 e K. Hannerz et al., "PIUS - The Next Generation Water Reactor," Proceedings of 
Safety of the Next Generation Power Reactors, American Nuclear Society, Seattle, 
Washington (May 1988). 

7. K. Hannerz, Towards Intrinsically Safe Light-Water Reactors, OBAU/LEA-83-2 (hi) 
- Rev. (July 1983). 

UDdatdCornuiler: August 1989/CWF 
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Fig. 1. Process inherent ultimate safety pressurized water reactor (PIUS,PWR) and 
British advanced gas-cooled reactor (AGR) prestress concrete reactor vessel designs. 



O R N L  DWG- 88-534 

cn 
0 
m 
o\ 

PCRV DESIGN CHARACTERISTICS 

@ PCRV INTEGRITY INDEPENDENTLY ENSURED BY 
-PRESTRESS STEEL CABLES, AND 
-STEEL REINFORCEMENT 

0 LOSS OF EITHER CAN CAUSE DEPRESSURlZATlON 

@SMALL-SCALE TEST PCRV BUILT IN SWEDEN 

BUT NOT FAILURE 

FOR LWR 

m 
I w m 
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: Passive 

Develogjn~ntal Status: 3 Evaluated 

Qreanization: University (University of Tokyo), h d u s q  (Sumitsmc9 Heavy 
Indusr-xies, Inc.), and National Laboratory (Japan Aton~ic Energy Research Institute) 

Examples of Implementation: None 

: A saWy concern is the integrity of thc reactor pressure vessel and its 
potential for failure due to severe accidents, sabotage, OF other causes. One option is to 
locate the Instal pressurc vessel in a large pool so that if the metal presswe vessel fails, the 
p o l  will keep the reactor si.ibmerged under water, This concept is currently being 
iiivestigated in Japan. for Phe Intrinsically Safe md Econ~rnic Reactor (ISER). The ISEK 
system is shown in Fig. 1; technical derails axe listed in Table 1, 

In this particular application, !he pool swrmmding the reactor is also used as part of the 
emergency core coding system, spent fuel storage system, and gaessm-relief vdvc 
blowdown system, as well as for several other funcdcns. 

ISER is a PnJS-type pressr~riz.ed water reactor (PWbBB) (sea Rwess Innherent Ulr-imate 
Safety [PAWS] Technology) in a metal prcsstire vessel, Using this type of design, the 
pressure vessel operata in a tkmally condition. This i s  in contrast to coiwetrh-d 
LWRs, where the pressure vessel is themadly hot. With a cold pressure vessel, the heat 
loss from the pressure vessel to the pool during normal operations is very low. 

ISER can operate with a cold pressure vessel kcause the interiaals s f  the vessel are divided 
into two rn1-x~: (1) a lsw-boron-concenuaeiora, hot-water zone with reactor core, s t e m  
geiierators, and reckrculatioil pumps; and (2) a high -boroon-concentration3 cold--water zone 
that i s  located next to the psessurc vessel wall. 'fie two water ZOIIES we in hydraulic 
contact with each other near the top arid the bottom of the prcssure vessel. A hydraulic 
balance n~echanism (the FKJS concept) prevents circiilation of water bemeen the two water 
zones during nol-mal operation, 

The emcrgcncy core emling system for ISER uses the pool as a heat sink. The system (see 
Pnxess Inhcretit tfltiimate safety [PIUS] Technology) is designed to dlcsw the two water 
zones inside the pressure vessel to kccpme one zone if the .reactor cope overheats for m y  
reason. When this (pccurs, the g-ressure vesscB goes from a thermally cold state to a 
themally bot state a d  core decay heat is conducted thrau~h the nressurre vessel wall to the 
pool water. pool inventory is s u k i e n t  to pwvicie core cching &rough the vessel walls 
for -4% d. 

lhe pool, which has a design pressure of 20 kg/cm3, is also designed to withstand the 
pressure associated with vessel failurc. Pn stich a case, the pool beco~anes the "effective" 
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pressure vessel but operates at a much lower absolute pressure than does the metal pressure 
vessel. 

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

Alternative Version$: The ISER reactor is relatively small; however, the basic approach 
should be applicable to reactors of all sizes. The major constraint for scale-up involves the 
pressure vessel surfaee area limitations that limit the amount of heat which can be 
transferred from inside the pressure vessel to the pool water after an accident. These 
limitations can be eliminated by the addition of heat pipes or other devices through the 
pressure vessel wall from the in-vessel cold water zone to the pool water. 

$tatus of Technol~gy: Multiple studies are under way in Japan at Sumitorno Heavy 
Industries, the Japan Atomic Energy Research Institute, and the University of Tokyo can the 
ISER concept. Similar concepts have been proposed for various low-temperature district 
heating reactors. 

Advantages: 

1. Provides backup in case of failure of the metal pressure vessel. 

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

3. Limits the maximum accident since the goo1 scrubs fission products from a core 
damage accident. 

Additional Requirements: The selection of the materials to be used for fabrication of the 
pressure vessel in the swimming pool requires special consideration due to the low vessel 
temperatures encountered. 

glomments: 
backup safety mechanism are relatively new concepts. Additional studies of thermal shock 
and similar issues must be addressed. 

The use of cold reactor pressure vessels and their placement in a pool as a 

References/Contacts: 

1. T. Arita, "Various Technical Problems Relating to the ISER Reactor," Collected 
Papers of the Safety Reactor Svstem Design Research Group., UTNL-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 Re actor sys  tern Design Research Group, UTNL- 
R0229, Nuclear Engineering Research Laboratory, University of Tokyo 
(December 1988), (Oak Ridge National Laboratory translation ORNL/OLS- 
89/21) 

L&&j@/Compiler: July 1989/CWF 
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Table 1: Design Parameters of ISER reactor with metal pressure 
vessel in swimming p l  

General HER Parameters 
Type: 
Power 
System pressure 

Metal Pressure Vessel Parameters 
Inside diameter 
Keight 
Wall thickness 
Average vessel temperahire 

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

Reactor Parameters 
Reactor coolant outlet temperature 
Reactor coolant inlet temp-' bL amre 
Power density 

Cold Water Zone Temperature 

6 m  
25.5 m 
0.3 rn 
75OC 

20 kgcm2 
12 m 
33.5 nl 
Concrete 
50°C 

323OC 
288OC 
62.2 kWh 

97°C 
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rn&: PASSIVE REiACTOR CORE-COBLING SYSTEM IEAT CAN OPERATE 
WI'IM PNMARY PESSWIE VESSEL LEAK 

Functional Requirements: Level 1.2.1 Maintain Core Coolant Boundaq Integrity 

Safety Tpe:  Passive 

Developmental Status: 4 Analyzed 

Reactor Type: Light-Water Reactor (LWR) 

Organization: Vendor (Asea Brown Boveri) 

Examples of Implementation: None 

Descritxion: Emergency cooling of a reactor core enclosed in a large pressure vessel can be 
secured for a relatively long period by filling the pressure vessel with water. The heat from 
the reactor corn is absorbed when the water is evaporated, with the resulting steam being 
vented fkom the vessel. However, the cooling ability can be lost if a napture occurs in the 
lower part of the pressure vessel and the 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 coinposed of (1) an 
outer vessel enclosing the pressure vessel, (2) an evaporation pool at-xrve the pressure 
vessel, and (3) a cooling coil in the upper part of the pressure vessel with both ends 
csniiected to the evaporation pool (Fig. la). Addit la of the outer vessel creates an auxiliary 
space between the two vessels, connected to the evaporation pool by one or more hydraulic 
connections, Because of the difference in pressure between the pressure vessel and the 
a t i x i h y  space, a leak in the lower part of the pressure vessel would produce a flow of 
water €ram the auxi l iq  space to the evaporation pool and the cooling coils (Fig. Ib). 
During normal operation, the evaporation pool may k dry. After a leak, the pool would 
begin to fill with water and flood the cooling coils. High-pressure steam in the pressure 
vessel would condense on the cooling coil, generating steam in the coil and emitting it to the 
evaporation pool. The liquid in the evaporation pool would flow by self-circulation though 
the cooling coil and then boil at a point near the pool surface. Thus, B leak in the 10,aver 
portion of the pressure vessel would not result in a loss of the heat sink. 

Tliis system is self-balancing. If a leak OGCUXS in the pressure vessel, the high pressure in 
the vessel forces the water to the evaporation pool and coils. At high pressures and 
corresponding high water and steam temperatures, the resulting temperatures in the pressure 
vessel allow excellent heat transfer to the cooler water in the coils. Over time, the steam 
condensation on the cooling coils decreases the pressure in the vessel and the amount of 
water forced out of the leak is reduced or stopped, leaving more in the vessel for core 
cooling. As a result, less heat transfer to the coils occurs. Note that the evaporation pool 
temperature never exceeds loOo C- the atmospheric boiling point of water. Since the 
evaporation pool is above the pressure vessel, the hydraulic head ensures that the pressure 
of water in the pressure vessel exceeds one atmosphere with the bailing point of water in the 
vessel significantly above 1000 C. This ensures that the higher temperature needed to 
transfer heat across the cooling coils will be produced and that the evaporation 
evaporate to dryness before the reactor core and assure full utilization of all cooling water, 
assuming proper sizing of the cooling coils. 
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Alternative Versions: Several coils could be used in a vaiety af mangenients. 

w: Preliminary work on this concept has been done by Asea Brown 
Boveri (ABB) as part of that organization's 

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

evebpment progrm. 

2 .  No moving parts, 

Additiod Reauirementg: None 

CommentS: This technology was originally developed for large prestressed concrete reactor 
vessels with sufficient water in the pressure vessel to cool the reactor COR for approximately 
one week 
Referernees/Contxt. , I  

B ~ %. Fredell and K. Hannerz, , US. Patent 
Number 4,666,661 (May 19, 1987). 

TJpdateJCsPmuiler: Feb. 1989EBL 
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TITLE: REACTOR PRESSURE VESSEL WITH NO BOTTOM PENETRATIONS 

Functional Reauirements: Level 1.2.1: Maintain Core Coolant Boundary Integrity 

Safety Type: Inherent 

Developmental Status 1: Commercial 

Reactor T m :  Light-water reactor &WR) 

Organization: Vendors (Multiple) 

Examules of Implementation: 

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

Alternative Versions: None 

Yankee Rowe Nuclear Power Plant, Massachusetts, PWR 

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

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

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

Additional Reauirements: None 

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

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

References: 

1. "Building a 745 MWe Pressure Vessel PHWR in the Argentine," Nuclear Engineering 
International, 30 (September 19 82). 

U-pdate/Compiler: Nov. 1988; CWF 
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TITLE: INTEGRAL BWR WITH NO PRIMARY S Y S E M  PIF'LNG 

Functional Reauiretnent: Ixvel 1.2.1 Maintain Core Coolant Boundary Integrity 

Safety Type: Inherent 

Developmental Status: 2 Demonstrated 

Reactor Type: Pressurized Water Reactor (PWR) 

Oryanization: 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 the 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 the Safe Integral Reactor (Sm) proposed by Cornbusion 
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 the pressure vessel 
is e7 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 are 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 
nonsafety-related 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. 

1 of 4 



6-47 

3.  Many possible seismic-related failures caused by differential movement 
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 the pressure boundary. This reduces probability of failure. (Note: 
Design does not change the steam-generator tube area; however, stearn 
generator tubes are s m a l l  and the failure of a steam generator tube 
allows only a slow loss of coolant. Failure of the thick-wall primary 
pressure boundary may imply rapid loss of coolant.) 

5. The equipment arrangement allows feedwatedsteam generation inside 
the steam generator tubes with primary circuit water outside the tubes. 
This places the steam generator tubes in compression which reduces 
the probability of tube rupture. 

6 .  For typical designs such as SIR, the distance between reactor core and 
pressure vessel increases with resultant lower radiation damage to 
pressure vessel (radiation doses -104 less for SIR pressure vessel 
compared to conventional PWR). 

Additional Reauirements: None 

Comments: None 

References: 

1. "SIR - An Imaginative Way Ahead," Nucl. Eng. Intern. (June 1989). 

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, Desips 
pf the Safe Internal Reactor, Combustion Engineering, TIS-8471 (1989). 

5 .  Babcock and Wilcox, 400 MWe Consolidated Nuclear Steam Svstem KNSS): 
1255 MWt CNSS DesidCost UDdate , ORNIJS~b/82-17456/1 [BAW-17541 
(July 1984). 

6 .  United Engineers and Constructors, Inc., The CNSS Plant ConcetX. CaD ital CQS t, 
md M 'on Economics, ORNL/Sub/82- 17455/4 [uE&C-DOE-ORNL- ultl-Umt Stah 
8309151 (July 1984). 

I .  

UDdate/Comuiler: September 1989/CWF 
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Reactor core 

19.4 MPa (1'34 bar) 
15.5 M@a (155 b i ~ )  
7 500kg's (7.3 Stls) 

2 2 m :  (435013) 
516 kg/s (1 138 lb/s) 
8.5 in (27 ft 10 in.) 

TY Pc Integral with reactor 
vessel (in head) 

Volume 80 m3 (2825 ft?) 

Reactor eooh.int ytrnips 

Number 6 
'1 yy3e Glandhs wet 

winding 
Power (design) 1 l 0 k W  
Operating power 700 kW 
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FLUIDIC. DIODE 

REACTOR COOLANT 

STEAM ..c- 

FEEDWATER - 
STEAM 
6 E  N E RATOR 

CONTROL RODS (65  TOT 

,--- PRESSURIZER 

FLUIDIC DIODE 

L CIRCULATION 

Fig. 1. Primary circuit flow diagram for safe integral reactcjr. 
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Functional Reauirements: 1.2.1 Maintain Core Coolant Bo 
1.2.3 Transport Heat to Ultimate Heat Sink 

Safetv Tnq: Passive 

Developmental Status: 1 Commercial 

Reactor Roe:  Light-water reactor (LWR) 

Ormnizahoq: Vendor (Rolls Royce and Associates, hc.) 

Descriptim: Fluidic diodes are one-way valves with no moving parts. Fluidic diodes 
di€€er in performance compued with mechanical one-way valves in the: following ways: 

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

* Fluidic diodes can aperate under conditions where check vdves will fail. This is 
partly due to the large physical clearances in such devices, which can be made 
larger than the connecting pipes. Fluidic diodes will nomally handle high debris 
levels, varying pressure levels, and pressure pulses. 

Fluidic diodes do not totally shut off fluid flow. The pmssure drop in one 
direction for a particular flow rate may be SO to 180 times that in the opposite 
direction in high-performance devices. 

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

The vortex diode i s  a high-efficiency diode with plow resistance 50 times higher in one 
direction than the sther for typical designs. In the low-flow-resistance direction, flow 
resistance is roughly q u a l  to two 90" pipe Bscnds. In the high-flow-resistance direction, 
the fluid flow sees up high centrifugal forces that resist fluid flow. The scroll diode 
operates on similar principles. For typical designs, the scroll diode will have 30 t j m ~  
more resistance to fluid flow in one direction versus t..e other. 'The scroll diode has the 
desirable characteristic that its volume catr be very smnall, which is important for certain 
applications. 

The fluid Row rectifier is a lower-performance device. It is m exmplc of a class of 
diodes where flow resistance and flow turbulence create the diode effect. 

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

1 .  Fluidic dides can reduce the rate of fluid !QSS in a loss-of-coolant accident by 
50%. If a pipe breaks in half, fluid will pour out both ends of the pipe break. 
With a fluidic diode in the line, the fluid cannot reverse direction; it can only leak 
out one side of the break. Fluidic diiodes 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 the above example, the diodes also protect compressors and other 
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equipment In some cases, fluidic ~ x k s  can prevent ~~~~~~~c~ ecpipment 
failures, which, in turn, will prevent sec~ndargv accident ~i~~~~~~~ events caused 
by equipment failure. 

3. Fluidic diodes can create dieramrive w paths to assist emergency core 
cooling after initiation of an acc 
proposed Safe Integral Reactor 

1pBe of this ~~~~~~~~~n (5-6) is the 
being developed by Combustion. 

Engineering and Rolls Royce and Associates, Inc. ( 
operation, water flow is from core to ~~~~c~~~~~~~ p 
back to the reactor core, If there is a pump failure 
fluidic valves allow water flow from the reactor core directly to the sttam 
generator (or decay heat coo 
high flow resistance of the d 
lower water levels in the pressure vessel. 

Atexnative Versions: There m, many types of fluidic valves. 

s t e m  generator, am1 
a m  level, vortex 

o the reactor core, This avuids the 
ensures water c ~ ~ ~ ~ ~ ~ ~ t i ~ ~  even with 

Status of Technology: Huidic diodes are used in gas-cooled nuclear reactors and nuclear 
fuel reprocessing plants; they are also use in the oil. aald chexnic 

Advantaw: Fluidic diodes are a passive, very reliable te=C 
used in very critical applications where mechanical one-way valves are not considered t~ 
be sufficiently reliable. 

y we ~~~~~~~~ 

Additional RequiEmen t-: s None 

Comments: None 

References/Contac ts: 

1. 

2. 

3. 

4. 

5 .  

6 .  

and Conuol," 
Insti tutt: for 

C. Etherington, "Power Fluidics Technology and Its Application in the N~~1ea.r 
Industry," Pucl. Energy a, No. 4,227 (1984). 

P. J. Baker, "A Comparison of Fluid Diocks," Paper 116 presented at the Second 
Cranfield Fluidics Conference, Cinibridge, England, January 1967. 

J. Grant, "Power fluidics and the Environment," Critical Reviews in En~ronmcn td  
Control, CRC Press, Inc,, Boca Raton, Fla., 197'7. 

R. Bradbury, J. Longo, R. Strong, and 
Significant Features of the Safe Integral Reactor," 'Trans. Am. Wuel. Soc. 
(June 1989). 

ayns, "'The Design Goals and 

R. A. Matzie, J. Longo, R. €3. Bradbury, K. 
the Sa fe Integral Reactor, Combustion Engineering, TIS-$47 1 ( 1989). 

. Mayns, Design of 

ade/Compiler: July 1989/CWF 
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ORNL DWG 89A-580 

VORTEX D I O D E  SCROLL DIODE 

HIGH RESISTANCE 
FLOW DIRECTION 

E N D  VIEW SIDE VIEW 

FLOW RECTIFIER DIODE 

Fig. 1. Fluidic diodes. 
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t 

FLUIDIC DIODE 

REACTOR COOLANT 

FEEDWATER - 
STEAM 
GEN ERATOR 

,#-- PRESSURIZER 

\ 

FLUIDIC DIODE 

,--VESSEL SUPPORT 

~ NATIJRP.!. CIRCULATION 
lLU lD IC  DIODES 

GENERATOR ( 1  OF 12) 

RE.4CPOR 
CORE I_ 

Fig. 3. Primary circuit flow diagram for safe intcgral reacter. 
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TITLE: HIGH WATER WVEN 

Functional Renukernents: 1.2.2 Maintain Core @sol 

Safetv T w :  Passive 

pevelomientd Stahis: 2 ]aemonslrated 

Reactor T y s :  Light-water reactor 1 
Orcanization: Vendors (Asea Brown overi, ~ o ~ b u s t i ~ ~ ~  

Bxmgles of Implementation: All LWRs 

DescriPtion: A major s ~ ~ t ~  concern for 
after n o m 1  or post-accident s h ~ ~ ~ ~ ~ ~ .  
core c m  be cooled by the inventory of Iiuy system (pressme 
vessel, steam generator;, etc.) by conversion of water to steam and release of steam 
through pressure-relief valves. This coo 

next to the core, it i s  the most reliable source of reactor cow; cooling. 
of other emergency systetlils, inch $cause the water is ill and 

This safety feature can be enhanced by ~n~~~~~~~ die 
measured in volume of wate unit ;of thermal EK)W 
water inventories for v R designs and the c 
reactor s hutdawn. 

ater invelatoq as 
shows per unit 

ey provide after 

: ~ ~ s t o r ~ ~ ~ ~ y ~  small inventories of water 
greater e ~ ~ ~ ~ ~ ~ i ~  on in the primary system. 

increasing primary water system inventories as a safety feature. 
dvanced  react^^ concepts h 

: 1 .  Increased water inventories increase the time e n  initiation of an 
accident and the possibility of core damage. 
and speed of mponse required of emergency core-cooling systems. 

reduces the need for 

2. Large water inventories usudly imply SI 
system to nomial operational transients* 
the reactor easier to control, reduces we 
transients, and albws the reactor to "ride out" 
reactor shutdown, 

Additional Reauirernents: None 

Comments: In addition to the priniary circuit water inventories, pkessurized 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 
driving force to move heat to the steam generator and b2 steam generator water. S t e m  

temperature 
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generator water inventory will typically add 1 to 3 hours of cooling time for the reactor 
core. 

Re ferences/Co ntac$: 

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

2. "SIR-An Imaginative Way Ahead," Nuclear Engineering XnArnational (June 1989). 

3. Asea Brown Boveri, PIUS: Technical Information, Vaster& Sweden 
(January 1989). 

4. I. Haarala and T. Kukkola, "Passive Safety Fealtures in VWR-448 Type Plant 
Designed for Finland," International Atomic Energy Arzencv Technical Coimnittee 
Meeting on Passive Safety Features in Current and Future Water-cooled Reactor$, 
Moscow, USSR (March 21-24,1989). 

te/Compiler: July 1989,'CwF 
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Functional Reatiirements: 1.1.1 Provide Process Shutdown Mechariisrn 
1.22 Mahtain Core Coolant Makeup 

Safety Twe: Passive 

1 ,2e~elorPmen~~-S~-a~~ 4 Analyzal 

I 3 3 r u :  'Ihe Integral Safety Injection System is a modified water accumulator 
integrated with reactor pressure vessel (Fig, 1). The accumulator contains borated watet 
that would be irnjccted into the reactor core during a loss-o€-c~lant-ae@i~~nt &OCA) to 
cool the reactor core and assure shutdown of the reactor. 

The accumulator fillcd with cold water swounds the reractoi core (except 
accumulator i s  at the same psressurc 3.s thc ~cactor cox, but i s  scparatd from the reactor core 
by a water-tight insulated wdL Open tubes from ihe accumulator extend into the bottom of 
the reactor COR through empty control rod or instnurnent thimble locations. The cmtside wall 
of the accumulator is the outside wall of the pernary system This outside, piimary-system, 
pressure-vessel wall is cooled by flooding the bottom of the vcsscl with water. At the top of 
the accumulator, the accurmulator tank is partially insulatcd. Heat conducts through the inner 
accumulator walls from hi: reactor PO the accumulator water. Pod ccmfing of the prcssure- 
vessd wall maintains most of the accumulator water a t  cold conditions, cxcept for water near 
the top of h e  accurnulator that becomes hot due to a lack. of l ~ e d  vessel coding. 

In an emergency such as an LOCA, the reactor will depressurize. 'lhe depressurization 
will cause the hob water in the accumhoa to flash tu steam m d  push the colder 
accumulator water into the remoor torr,. 

top). The 

Status of Technolaa: Xnitial studies of this concept were conducted by Westinghouse 
Electric Company in 1986. 

- Adygma:  Passive accumulator that does not inject inert gases into thc primary system, 

Additional Requirements: None 

C&.mnents: System only operates when the reactor is initially at full pressure and temperature, 

Iheferences/Contacts; 

1. Burns and Roe, Inc., "IPreliminaay Conceptual Design Snady for a Small LWR 
Plant: Phase I Report", Westinghouse Electric Company, March 1986. 

U pdatt9Cornpija: May 1 98 9/C W F 
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l&. .g~t igr~:  One method to COOI a rcxtor core during emergency operation is to remove 
the heat by boiling water. Watcr lost from the pressure vcssel or steam gemrator in? steam 
prodrnctien is replaced thinugh a snitable makeup (PWR) or feedwater (BWR) system. If 
the ~mkeup (PWR) oi fedwaacr (BWK) system becomcs unavailable, a replacement water 
supply system is nccded to provick makeup (PWR) or fedwater (EWR) for gassivc 
renvwil of decay heat from the core. ']['he replacement system can use water from the 
makeup (PWR) GI fccdwater (BWR) snppiy system condensate tank, file1 storage pools, 
or suppression pucls. One passive metbod to punip this water into the pressure vessel or 
steam geaierator i s  to us:: IE jet injector system operated with decay heat steam from the 
reactor core GT steam gcncrator. Tlae k y  techmlogy for these applications is the jet 
injector systcm, which takes medkm-prcss-irre steam and low-pncssure cold water and 
pr&uc.es a small liigh-pre:~s~m s*irca,m of w m  water and  a second low-pressure stream, 
also of w a i n  water. i his dewkc, which -uses two steam injectors and a jet pump, confains 
no moving parts. 

- 

Jet injector systems have Seen piqtoseed for several reactor concepts: 

Boiling-Water Reactors (RMBs) -- In a system proposed for use in the General 
Hectric SmalVSimpMd Bcsilir~g-Watee Reactor 0)  and the Ohio State University 
Inherently Safe Iteacrcr (z), the steam grncrated in the pressure vessel is proposed to 
power a jet iujector system that pumps water into the pre3surc vessel at -1000 psi if 
a failurc: of the fcedwatcr system occurs (Fig. 1). 

ZYessurized-Waten PCeacm 1'~irnal-y Circuit - The Combustion Engineering (C-E) 
Safe Integral Reactni (SIR) also pro~wses to use jct injectors to deliver makeup water 
to the reactor vessel cvhm norind niakcup is lost. 'l'he SIR Emergency Coolant 
Injection Syqtem (ECIS) consists of a steam injector receiving water from the 
coirtainment pressure suppression tanks a i d  injecting it into the p ~ s s u r e  vesscl 
dnwncorncr. '1 wn independent EClS trains arc provided. The steam comes from the 
upper head of the reactor vessel via 2 branch line in the reactor coolant vent system (3) .  

n n  examplr: of a j c t  injectcr 
injectors, the eatlralpy of stcam i s  exchanged for increased water prcssare and velocity. 

is shown in Fig. 2,  Through the use of steam 
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Two steam injectors are arranged in series and are separated by a heat exchanger to cool 
the water flowing between them. Following loss of the normal feedwater supply system, 
steam from the pressure vessel is diverted from the turbines to the steam injectors. Steam 
enters the injectors and initially flows out check valves to an overflow. As s t e m  passes 
through an injector, the expansion tiozzle of the 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 then enters the c ~ ~ i d e ~ s a ~ o n  
region of each injector where the steam-water mixture condenses, creating a high-velocity 
fluid stream that pulls shut the check valve on the overflow line, keeping hae 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 the 
output of moderate-pressure water from steam injector A is fed back through a branch 
line containing the jet pump, where the moderate-pressure water from the steam injector 
is driven through the jet pump nozzle. The jet pump nozale produces a high-velocity 
stream of water to establish low pressure within the pump, creating the suction needed to 
draw water from the replacement water supply into the system. On the output side of the 
jet pump there is a diffuser that is shaped to reduce flow velocity and gradually boost the 
water pressure to steam injector A. The e€ficiency of injector A is minkihed by cooling 
the steam-heated water output in a heat exchanger before it enters the jet pump. The 
coolant for the heat exchanger can be circulated by a pump or by naturd convection. 

Most of the output water from steam injector A does not enter the jet pump circuit; instead, 
it proceeds through heat exchanger B to steam injector B. Cooling the output water via the 
heat exchanger allows injector B to operate at an acceptably high efficiency level. The 
steam-driven replacement water from injector B is supplied to the replenishment water linc 
of the reactor system at an output pressure exceeding 1OQO psi, which is sufficient to 
allow it to enter the pressure vessel and remove decay heat from the reactor corn. 

Alternative Versions: Many designs of jet injectors exist. 

Status of Technolopy: Steam-driven injectors are not new. They have a long heritage in 
the chemical industry and in steam-driven merchant ships after World War 11. In the 
merchant marine, they were used as feedwater pumps. Steam injectors are used in 
emergency cooling systems of CANDU reactors@) with output pressures of 414 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: 1 .  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 the primary reactor 
system pressure boundary integrity. T h i s  requirement is not necessarily needed for 
reactor safety. Small leaks in the primary reactor system can be handed by jet injectors. 
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Cornmersts: High-performance, high-pr-eswre stcan irijwtors hiply a significant 
advance over currently available poven technulogy and may require a 
significant development effort, 

1. Gcnerai Electric Ccmpany, Preliminary Co nccpmal Design Study for a Small 
LWR. EPRI NP-5150M (June 1387). 

2. S. Javand arid R. N. Cinristensen, "A Passive Steam-Driven Iniectnr as ECCS for 

3 .  R. A. Matzie, J. Lorgo, R. M. 13radb~i-y~ M. K. T'eare., and M. R. Hayns, Design 
of t h - t $ b f e h t ~ . m l  Reactor, Combustion Engineering, TIS-847 1 (1989). 

4 .  R. W. Howard: S t e a r P n - ~ ~ ~ . v ~ ~ ! . W ~ ~ - ~ ~ ,  U.S. Pateat No. 4,440,719 
(April 3, 1984). 
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REACTOR OPTIONS 
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Fig. 1. Use of jet injector system for decay heat removal or small loss-of-coolant 

accidents I 

4 of 5 



ORNL DWG 89A-236 

INPUT 
STEAM 

. CONDENSATION R E G I O N  /I 

STEAM 

WATER 
:ROM TANKS OR POOLS 

STEAM 

-* OVERFLOW 

--B- REPLENISHMENT 
WATER 

I_ _" ._--.n .... _., - - --I 

Fig. 2, Jet injector system to provide high-pressure water for decay heat removal. 
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to the steam generator, the steam generator generates steam while cooling the primary 
system water, and the cool primary water flows to the pump and then back to the reactor 
core. Several layouts of primaxy PWR systems are presented in Fig. 1, which shows the 
evolution of designs that encourage natural circulation flow, 

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

The center of the reactor core is only slightly below the center of the steam 
generator (heat sink), providing little driving farce for natural circulation. 

The plant has siphon loops (high points in piping between reactor and steam 
generator). In the accident, these siphon loops filled with gas, first steam and 
then steam/hydrogen mixtures. These gas pockets prevented the Cow of water 
around the loop during much of the accident, The accident sequence was 
stopped only when these siphon loops were filled with water - a situation which 
reestablished circulation between the reactor core axad the steam generator. 

Figure l(b) shows schematics of more recent plant layouts (4-6) that assist natural 
circulation flow. In each design, the steam generators are located entirely above the 
reactor core and siphon loops are reduced or eliminated. The lay t on the left is similar 
to many current operating reactors, while the design on the right is that proposed for the 
AP-600(5) and several other next-generation reactors. The best of these designs results in 
reactors where natural circulation heat removal can be as high as 25% of full Eactor 
power. Such designs ensure natural circulation sufficient to handle all accident 
conditions. 

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

Boiling Water Reactor - In a BWR, the reactor core generates a mixturp, of low- 
density steam and high density water. The mixture flows up a riser, and separates, the 
steam is sent to the turbine, and the water flows through the downcomer to the bottom of 
the reactor core. Because of the 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 ( l l ) ,  current designs (12, 13), and proposed future designs (24, 15). 
Many current B WRs have natural circulation rates from 30 to 50% of full power levels. 

Improved natural circulation in BWRs is achieved by reduction of the pressure drops, 
Early large reactors had external pump loops and jet pumps that of'f'ered 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 noma1 
power operations. 

Early smaU 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 hydraiilic instabilities has been developed, natural 
circulation flow has been applied to larger BWRs. 

Alternative Versions: Many Options to Encourage Natural Circulation Water Now 

Status of Technology: 'The technology 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 Reouirements: None 

Comments: None 

geference/Contac ts: 
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Conferena , 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 Technologv and 
Design for Water Cooled Re actors: IJEht  Water Reactors, IAEA-EC DOC -479 
(1988). 
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ORNL D'NG B 9 A - 5 9 6  

BbW PLANT AT THREE MILE ISLAND 
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Fig. 1. Natural circulation flow paths in PWRs. 
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TKLE: DECAY HEAT REMOVAL BY NATURAL AIR CIRmATION 
STEAM CONDENSERS 

Functional R e a u i m  : Level 1.2.3: Transport Heat to Ultimate Heat Sink 

S afetY Type : Passive 

: 3Evaluated 

Reactor TvD~:  Pressurized-water reactor (PWR) 

: Vendor (Multiple) 

Exam_oles of Implement a: None 

: Natural air circulation steam condensers can be used to remove decay heat 
fmm a reactor after a postulated loss-of-feedwater transient that occurs after a station 
blackout with loss of emergency power. The primary function of the steam condensers 
is to passively cool and condense the steam h m  the secondary side of the reactor stearn 
generators after a reactor transient with loss of all electrical power. The steam condensers 
then feed the condensed coolant back into the water volume at the base of the steam 
generators. Core cooling will be maintained by natural ckulatian of the reactor coolant. 

The steam condensers could also provide core cooling during a small-break loss-of-coolant 
accident of the primary coolant circuit accompanied by loss of all electrical power. In 
addition, the passive system could assist in the normal shutdown cooling of a 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 E600 MW(e)] and for USSR reactor 
designs such as the advanced VVER-1000 PWR [lOa, MW(e)]. Both of these steam 
condenser designs are similar in concept and operation. In the B&W B-600 reactor, which 
is still a conceptual design, the steam condensers are an integral part of the concrete shield 

uilding that encloses the steel containment dome. For the Soviet VVER-1OOO reactors, 
steam condensers are being considered €or both new plants and retrofit of older plants. 

Figure 1 shows both of the steam condenser designs described above. The main operating 
parameters for the 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 the steam generators to ensure 
namd circulation of the coolant. The heat exchangers are placed within a duct system that 
is designed to ensure a passive flow of air due to density differences between the heated 
and surrounding air. 

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

AlternaQ 've Versions: Many variations in technology. 
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Status of Technology: The technology is c m n f l y  being &vdoped for advanced R&W 
€3-600 and Soviet V W R  PWRs. Modeling of reactor systems using natural circulation 
steam condensers has shown the effectiveness of thc system io passively cool the reactor. 

Advant-: 1. Passive decay heat removal is initiated upon Boss of electrical yower, 
2"  Steam condensers are currently used in many industrial applicadons and 

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

Additional ReauiremenB: Natural coalant ci?culat.icn in the p"iullmy coolant loop and the 
steam condenser loop must be assured, The B-600 design addresses this issue by groper 
placement of the steam generators above the core, placement of the steam condensers above 
the secondary coolant loop with i t s  steam generators, and by increasing the prkary pipkg 
diameters. 

Comments: None 

References: 

1. 

2. 

3" 

4. 

"Babcock & Wilcox (B&W) R-600 Fkssurized-Watter Reactor", S tanis of Advanced 
Technology and Design for Wat -le$ Reactors: Lkht-Water Reacto~, 
International Atomic Energy Agency, Vienna, IAEA-TFiCDCdC-479, pp. 1 16- 19, 
(1988). 

G. E. Kul ynych and B. E, Bingham, "Advanced Light-Water Reactor Development: 
Operational Aspects of Small Cornnxxial Reactors," Babcwk & Wilcox, Trans. Am. 
Nucl. Sac., (US) 49, 151, June (1985). 

V. 1. Naletov, E. M. Damrin, G. A. Tarankov, and N. B. Trunov, "Application of 
Passive Systems in VVFR-1000 Design Project of Incrcascd Safety: Part 1. Design 
principles of system for passive heat removal, ccsnstnac~on, principle of operation, 
main technical clnaracteiistics and scope for application," 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). 

T. A. Brantova and N. S.  Fil, "Application of Passive Systems in VWR-1QO 
Design Project of Increased Safkty: Part 2. Effect of the passive system for residual 
heat removal on the course of some out-of-dcsign accidents," presented at the 
Inteniationd Atomic Energy Agency Technical Committee Meeting on Passive Safety 
Features in Current and Future Water-Cooled Reactors, Moscow, USSR, 
March 21 -24, 1989. 

UDdate/Compiler: May 1989/WIK 
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TABLE 1. MAIN PARAMETERS OF THE VVER-1008 NATURAL 
CIRCULATION STEAM CONDENSERS3 

Total minimum thermal power (w119w) 

Minimum thermal power of one circuit (MW) 
Nominal coolant pressure (MPa) 
Norrninal steam temperam at heat exchanger inlet (00 
Maximum eilviromenral air temperature ( O C )  

Minimum environmental air temperature (W) 
Maximum time to reach nominal power (s) 
Height of air duct measured from top of heat exchanger (m> 
Effective sunface area of one heat exchanger (m2) 
Maximurn air temperature at heat exchanger outlet (00 
&imurn air temperature at heat exchanger outlet (oc) 
Average air velocity flowing across heat exchanger tubes ( 4 s )  

663.0 
20.0 

6.3 

278.5 
50.0 

-40.0 
120.0 
25.0 

147.0 
22 1 .o 
113.0 

3.3 
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Functional Ruiirernents : 1.2.3 Transport Heat to Ultimate 
3.2 Trip Radionuclides 

Safety Ty~g: Passive 

Developmental Status: 1 commercial 

Peactor Ty~pe: Light-water reactor (LWR) 

Examples of TmPlementation: Multiple commercial. power plants 

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

Alternative Vers ions: Modifid cooling ponds have been proposed as passive ultimate 
heat sinks for passive emergency core cooling and containment cmling systems for 
wriows LWRs. These propsa9s incorporate two modifications of current pond designs. 

1. 

2. 

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 bodingwater reactor (Fig I), steam 
from the core can be conknsecl in a s t e m  isolation condensor that i s  cooled by 
pond water with gravity flow of primary system water back to the reactor core. 
Similarly, suppression pool water (Fig. I) could be cwle 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, 

The cooling ponds may be designed for multiple use arid to withstand severe 
accidents. One example of a design is shovrn in Fig. 2. The cooling pond is located 
next to the reactor containment with coolmg coils located near the bottom of the pool 
in a reinforced concrete box with holes in it. The bottom 9 rn of the pool is filled 
with rock boulders and clean, crushed rock (no fries), The pool has at least 3. m of 
water over the top of the rock. The pool is at ground level. 'Re pool may be lined, 
Rut 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 coiivection circulation of water from the hot coils 
to the rock and the surface of the pool where heat is rejected to the atmosphere. 

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

If the cooling coils contain radioactive materia9 and fail, the porid water scrubs 
any aersols that are released, thus holding back release of radionuclic9es to the 
environment. 

b. 

c. 
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d. If the reactor containment overpressurizes after a postulated accident, the 
containment can be vented through the heat sink. The water scrubs any gases 
that are released to the atmosphere, thus significantly reducing release of 
radionuclides to the environment, 

The rocks and boulders in the pond accomplish the foliowing: 

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

Protects the cooling coils against extreme weather. b. 

c. Protects cooling system agahst sabotage. In particular, rmk prevents 
pumping the pool dry since there is no access to pool bottom. 

If the cooling coils contain radioactive material and fail, the rock scmbs any 
gases that are released to the atmosphere, thus preventing release of 
radionuclides to the eavironment, 

d. 

e. If the reactor containment overpressurizes after a postulated accident, the 
containment can be vented through the heat sink. The rock scrubs any gases 
that are released to the atmosphere thus holding back release of radionuclides 
to the environment. This is independent of whether there is water in the 
cooling ponds. 

The total pond provides a large heat sink that is available in exmrne accidents, such 
as those involving fixe. During a fire, thermal stratification assures hottest wat- br on 
top of the pond, with the coldest water and rock available as a heat sink. 

Status of Technology: Cooling ponds are a conunercial technology. 

Advantages: Passive, low-temperature heat sink. 

Additional Reauirements: None 

Comments: None 

References/Contacts 

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

UpdateKompiler: CW/April 1989 

2 of 4 



ORNL DWG 88-975R 

STEAM LINE 
(OUT OF FIGURE) 
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CONDENSER 

DEPRESSURIZATION VALVES 

CONFINEMENT 
BUILDING WALLS 

SUPPRESSION POOL 

(COOLING POND) 

GRAVITY FILL LINE 

w 
0 
Hl 

.P 

HEAT SINK 
(COOLING POND) 

REACTORCORE 

PRESSURE 

(a) PASSIVE HEAT SINK FOR 
STEAM ISOLATION CONDENSER 

NOTE: NOT TO SCALE 

(b) PASSIVE HEAT SINK FOR 
SUPPRESSDN POOL COOLNG 

Fig. 1. Schematic of passive heat sink applications for the advanced, simplified 
boiling-water reactor safety systems. 



6-78 

b
 

ZU
 

2
"

 
z
o
 

Q
 

0
 \ \ \ 

8
 

I- 

4 
of 

4 



6-7 9 

TITLE: WATER QUENCH POOL WITH AIR COOLER FOR 
REACTOR ACCIDENT AND DECAY HEAT SINK 

f;unctional Recyirements: 1.2.3 Transport Heat To Ultimate Heat Sink 
3.1.2 Control Energy in Containment 

Safetv Tvpe: Passive 

Developmental Status: 2 Demonstrated 

Reactor l’y-pe: Light-water reactor (LWR) 

Oreanization: - Vendor (Mitsubishi) 

Exrmoles of Imolementation: 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 the 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 atmospheE 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 water capable of absorbing heat at verv 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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mu: DECAY HEAT REMOVAL WITH SEAWATER 

- Functional Rcauirernents: 1.2.3 'l'ransgor~ Heat to Ultimate Heat Sink 

Safety T y ~ e :  Passive 

Developmental Status: 2 Dcinonstratd 

Bactor T y ~ g :  Boiling-water reactor (SW) 

Organizatj~r-~: Vendor (Toshiba) 

&xanples of Iimlementatisn: None 

Description: This system is similar to the General Electric "water wall" and is proposed 
for use in the Toshiba 'TOSBWR-900P reactor, a natural circulation BWR (Fig. 1). In an 
emiergency such as a pipe break or other major failure, the pool water discharge valve 
opcns, flooding the lower containment with gravity-driven water from the pool above. 
Choling of the reactor core is accomplished by riaturd circulation between the pressure 
vessel and the flooded contai~mlient, The outer wall of the flooded containment is also the 
inncr wall of a seawater-Ydkd c o m p m e n t  used for heat exchange. The seawater 
eampmieiit is coianected to the sea by zapper aiid loaves coaling pipes. Decay heat is 
transferred fr0ri-1 the flooded containment to the seawater compartment, where natural 
circulation of the seawater through the CQmparYn-IenE provides heat removal. 

Alternative Versions: None 

Status ofT.cchnology: Proposal decay heat removal system for advanced Japaneese 
rcactm 

&anlages: 1. No pumps or emergency generators are needed, 

2.. Unlimited supply of cold water for cooling, 

Addition a1 Reaukmen t ~ :  None 

-- (htnriients: Cornpard to other heat. sink alternatives, the use of seawater provides an 
urnlimited colrl heat sink for decay heat removal. 

1. Y. Oka, "Research and Development of Next Generation Light-Water Reactors in 
Japan," Presented at the International Atomic Energy Agency Technical Conimittee 
Meeting on Passive Safety Featires in Current and Future Water-cooled Reactors, 
MOSCOW, USSR, March 21-24, 1989. 
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Functional Rquirements: Level 1.2.3 Transport Heat to Ultimate €kat  Sink 

~ Safe& Type: Passive 

Developmental Status: 2 Det~~onstrated 

Reactor Type: Light-water reactor (LWR) 

Qrgmizationr Vendor (Multiple) 

E x m ~ l e s  ~~~nplernentat ion:  None 

Descrintion: Several systems have been proposed to dump decay lneat from the reactor 
core to an external bath of clean, nonradioactive water, Heat is rcmov~d from rhe water 
bath by boiling the water. Long-term heat remsval is obtained by refilling the bath with 
water or condensation of exit steam in air cmlers. 

1. Boiling-Water Reactor (General E4ectric) - A water hath heat sir& is PiOpOsd f a  
use with a small, simplified BWW [W MW(e)] wirh se.r.crsl passive safety systems 
(Fig. 1). In this concept, several safety sysrerns dump reactor decay hea: to a 
suppression pool (1,2)" In tm, the suppression pool dumps heat to a rcfill water 
p l .  The refill water pool durraps the heat to thc criviaonrncrit by boiling of refill 
pool water. Decay heat is dumped to the suppression p o l  By two systems: 

When it i s  necessary to isolate, the reactor fmm the m h e >  an isulatim 
condenser dunips reactor decay heat to a suppression ped. S t e m  from the 
reactor is sent to the isolation coladensex in suppression pml, is coridcnwd to 
water, and the liquid water flows back to the reactor vessel by natural 
circulation. 

In the event of a loss-of-coolant accident, dcpmsus'lzation valves vent steam 
from the reactor to a suppression pool positiond above the pressure vcssc'l. 
Whcn the pressure in the press-ae vessel becomes sufficieixly low, check 
valves in the suppression pool-prcssure vcssel lines opcn, allowing ihc 
suppression pool watcr to flow by gravity irito the pressure vessel and provide 
core cooling. The reactor pressure vessel has GO large pipes attached mar or 
below core level, allowing the core to rcrnain fd ly  csvexd for all desigil basis 
events. Cooling is maintained by natural water ckeulation bet w e n  tkc 
pressure vessel and the suppression pool. 

Operation of the above isolation condenser or crncrge~cy cmling system dumps the 
decay heat to the suppression goo1 and rapidly raises its tcmgcmtclrc. 'i'he 
supprcssiori pool dumps heat to a boiling water barb One suppi-tssion p o l  wall is 
a steel annulus filled with water and vented via a refill p(xA to t t r  atmosphere" 
Decay heat is transferred from the suppression pool water to the rzfill pool "watcr 
wall" and discharged to the atmosphere by the release of sieam. 'This enables ~ . X F  
renioval from the suppression pod water while the nilids remain contained. The 
fission products are rctained in the suppression pool The water volume nf the refill 
pool enables cooling for three chys without operator actiorn and witliolit coiitainnierit 
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the one way valve prevents water flow. If the pump stops, the pressure balancc in 
the primary reactor circuit changes cvld hot priarary water or steam by natural 
convection circulates to the natural circulation heat transfer loop lower heat 
exchanger and dumps decay heat. Stopping pump operations reverscs 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 bath loses heat by boiling of the water, The steam is dumped to the 
envjrontnent through natural circulation air coolers. The air coolers condense most 
of the steam to water which returns to the water bath. The combination of water 
bath with air-cooled steam condenser has severd advantages: 

* The air-cooled steam condensers provide an "infinite" long-term cooling 
capacity for the water bath, 

The water bath significantly decreases the air-cooled steam condenser size. 
After reactor shutdown, the decay heat load is initially high but rapidly 
decreases. The water bath initially loses a fraction of the water that is t m e d  to 
steam when the decay heat load is high.. It is capable of handing very high 
short-term heat rejection loads. The air conclcnsers are designed to handle the 
smaller decay heat load hours after reactor shutdown. In effect, the water 
bath/air condensers can be "matched" to the changing decay heat Isads with 
time. 

Alternative Versions: None 

Status of Txhnolojgy: 1. General Electric System - undcr active development for the 
Advanced Simplified BWR. 

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

3. Italian System - under active study. 

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

2. With all of these systems, there is no need for containment venting of 
radioactive steam. 

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

Additional Requirements: With these concepts, the ultimate heat sink is boiling water. 
Water at atmospheric pressure boils at 1000 C.  For heat to be transferred from the 
condensing steam or hot water to the boiling water bathh, steam condensation arid hot water 
temperatures must exceed 1000 C with corresponding above-atmospheric pressures. This 
implies that pressure integrity of the coolant system OF containment system is required, 
While pressure integrity is not necessary for reactor safety a priori, it is required for these 
systems. 
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Description Title 

Table 7.1 Stnictum, Systems, and Components to Control Chemical 
&tack of Clad: Function 1.3 

Location of 
Function Description Pag;e 

Reduction of Coolaili/Ciad Chemical Reactions 1.3 Chapter 7 1-3 
Umder Severc Accident Cendittims 

CRemical Getters to Rorect Tnterbr of Fuel E n s  1.3 Chapter 7 7-7 
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: Level 1.3: Control C h e ~ c d  A Clad 
Level 1.2.3: Trmspoxt Heat to 
Level 3.1 2: Cont~d Energy Release In ~ ~ ~ ~ ~ i n ~ ~ t  

e Heat Sink 

: I&erent/Passive 

: 4Analyzed 

ight-Water Reactor (LWR) 

Descriotion: The major materials for reactor core s 
of ; Z ; i ~ a l ~ y  and stainless steels. Both materials have exce 
Mistmically, stainless steel was first used in LWR co 
replaced stainless steel for most in-core applications. 
properties (lower neutran cross sections) than stainless steel and, ~WICE, has lower nuclear 
fuel costs than stainless steel. Both of these materids have c ~ ~ c ~ ~ ~ ~ s ~ ~ ~  that make thcnm 
excellent structural materials d 

The most impomit an 
of the uranium oxide fue 

g n ~ s r ~ l d  reactor operations. 

ent in the reactor core is  kc: rl 

Under severe accident con dons, these ~ ~ a t e ~ a l ~  deteriorate.. 1 

I I In the event of a loss-of-cooling aciden 
up from decay heat. Eventu 

m y  no longer be possible to stop an xciden 
reactor core. Fufthemiot~, fuel clad will be 
for an emergency ~ o r e - c ~ ~ l i ~ i g  system (EC 
initiation depends on how high the clad temperature can go before fuel failures, The 
higher the acceptable clad temperatures befox failure, the 
an accident. Ercaloy begins to lose its tensile strength at - 
loses its strength at somewhat higher temperatures, The 
fuel clad materials will provide more time in m accident before a core meltdown. 

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

reactor core Bleats 

bdlooning Qccws, cooling c 

a, These reactions are highly exothehc. Analysis of core melt scenarios 
indicates that during certain parts of ai accident, anme heat may be generated by 
these chemicd reactions ttim from radioactive decay heat. 
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Figure 1 shows the rczction rare2 of Zircaloy and stainless steel with steam. Zircaloy 
reacts faster with steam at lower tcmpcratmres, but stainless steel reacts faster at high 
temperatme: s. 

The replacement 3r Ziscaloy clad wjth better mattrr",als has the theoretical potential for gains 
in safety and costs. Benter fwl clads conld reducc acquirements (and hence costs) for 
ECCSs and reactor containmcnts. 

There are ZJWV~Q sets of options to ra4use m eliminate coolant md clad chemical intcwcdons. 
'TIE first sct of options (passive safety) is to c'rioose mnetals or nx%il coatings for clad %hat 
do not react as rpiipicfly with hig.gii-tempe;ature steam as Zircaioy. The second set of options 
(inherent safety) is to use ceramics, whi& do not react with water, as cladding matesials. 
Most metals can reaet with water to produce hy&ogen. "lhis does not normally happen 
because the kinetics of the cheitlical reactions a= very slow. Fa- example, from a 
thennodynamic perspective, aluminum should react rapidly with water or air. This does 
not occur because ahnitiuni form a pri%-crive oxiitaz layer when exposed to air t x  water. 
In contras~, a ceramic such as aluTFiinurrr oxide i s  thcmodynamicdly more stable than 
water and, hence, cznnot react with water. 

1. "The steam oxidation mistarice of Zircaloy-clad rods may be improved by use of 
silicide, aluminide, flame-sprayed zirconia, or zirconium-bcryllide coatings." 

2.  "Alloys of molykdent?m atid rniobium exhibit irriproved oxidation resistance and high 
temperature strerigth cc.,qmred to different types of Zircdaloy." '13ey are possible 
replacemeam for Zircaloy. 

'There are signiikant econoxnir: penaltics with these alternative dad materials. 3. 

4. Large research and dcvclopment efforts W O U ~ ~  lie required ta develop any alternativz 
LWR cladding materials to a COT? !;*t?ercial status- 

The second option is to replace Xkcaloy cladding with ceramic clad feaels. The long-tern 
potential of such materials is great= Sonic Ecnowa nuclex ceramic materials, such as those 
uscd in high-tempxature gas-eosleil iactors (HTGRs), can survive temperatures in 
excess of B@Y@ before onset af fuel Mure   ow ever, because current ceramics are 
difficult to fabricate and h-hk? :hey probably raimoi be wed in the fomi of long tubes. 
I%e use of ceramic clad fcel may imply thc need to change the h e 1  form - probably to 
sinall (<lo cm) sphcres Thls is a radical eliaiige it? technology and core design. 
Pro~osals for such LWK fueir'reactr designs have been made and limited exmfimental 
w&k has beer? done. (see SSC: Iligti-T&,peraturc Ceramics, Clads, and Fhls  for 
LWMs. 
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Alternative Versions : None 

-: Limited theoretical and experirnentd studies kme been sorrductcd 
to identify and develop new fuel cladding materials for LWRs. 

Advantare$: Reduction or elimitlatioa of chemical interxtions betweeam clad and cnohf  
offers the potentid for major gains in econuanics arid safety. These inc1od.i: 
the following: 

(I) Higher temperature clad materials allow use of ECCSs wiih ~ ~ I W G ~ T  
response tinnc after initiation of rn accident. This may be a safety 
and cost advantage. 

(2) Elimination of hydrogen generation from cla&coolarr~ intesactirm in 
a serious accident reduces potential for reactor co~mtainmciif: fai h e  
due to overpressure or a hycirogetil'air explosion. 

Elimination of hydrogen genm~ion from cladcoolant interackions irk 
a serious accident may reduce containment design requirenzeriti; and, 
therefore, costs. 

(3) 

Additional Requirements: None 

Comments: Development of a new clad material for LWR fuel would q u i r e  a nxjor, 
long-term program, There are major economic issues associated :+ i 
alternative mcvd clad materials. Most alternative materials imply hi 
neutron absorption loses to clad with the nced for more exj~cnsivc, ~iwr:t 
enriched uranium. No detailed studies exist that cpn t j fy  the krac,Tsls :f z 
much higher-temperature, less chexrzically reactive fuel clad could br; 
developed. From a research perspective, the incentives for better c:lasi 
materials reeds to be quantified. 

ReferencesICon tam: 

1 - IJ. Ocken, "An Improved Evaluation Model for Zircaloy O?ridation,'* Nucl. 
Technol,, 47, 343 (Feb. 1980). 

2. E l .  @. Brassfield, J. F. White, L. Sjodahl, ant-i J. T. Brittel, Reeornrtisntlcil 
Propertv and Reaction Kinetics Data for Usc in Evaluating A~-~ht-7Mater-CQx,3,.c.~ 
Reactor Eoss-of-Co&mt Incident Tnvolvinp Zircalov-4 or 304SSz3%d U07, 
CEMP-482,Agril, 1968. 

3 I I.,, Goldstein, 8. Reyes, and A. A. Strasscr, F;,valuation of H;ud-CI.~a~5n; 
Properties a t  High Temperatures, EPRl NP-5427, April, 19MM. 

W. Matscher, "Coated Particle Fuel Element For Pressurized -Water Reacmr~,'' 
Nucl. Techno1 - 35, 557 (Sept. 1977). 

4. 

Update/Gcampiler: 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 Reaukmen&: 1.3 Control Chemical Attack of Clad 

$ afety Type: Passive 

Developmenta 1 status : 1 Commercial 

-tor Tvm: Light-water reactor (LWR) 

Sh.ganizat.1 'ons: Vendors (Multiple) 

Exampe&s o f Imdemen J&QQ: None 

BescriDtion: In a nuclear reactor, fission products produced in the fuel elements and 
impurities from fuel fabrication can xeact with and corrode the fuel rod cladding. To 
protect against corrosion, getters can be used to react with the fission product or other 
impurity responsible for the corrosion. For example, fission-produced iodine can ~orrOcie 
the zirconium oxide normally present on zircaloy fuel cladding and react with the free 
zircaloy underneath. Since the oxygen partial pressure in a fuel rod is probably extremely 
low, not enough oxygen is present to heal the 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 the example shown in 
Fig. 1, pellets of the getter are located at the top of the fuel rod. The fuel rod has a centml 
channel and an outside channel that communicate with each other via transverse passages. 
Due to the temperature differences inside the fuel rod, fission product gases circulate up 
the central channel, through the getter pellets, and back down through the outer channel. 
In this example, the copper oxide or nickel oxide getter would remove iodine from the gas 
smam and release oxygen to help heal any corroded zirconium oxide in the cladding. 

rnauve Versiou: Chemical getters can be used for control of impurities, such as 
moisture, from manufacturing. 

status 0 f Technology : Commercial technology in Boiling-Water Reactor fuel fabrication 
for hydrogen control. Proposed but not demonstrated for control of other elements. 

M v a n t a a  : Fuel rod corrosion is prevented by passive means. 
. .  &ldmonal Re-menb : None 

-: None 

Peferences/Con tac tz: 

1. J. S. Arrnijo, F uel Rod for Nuclear Reactofi , Swedish Patent Application No. 
8300424-2, (August 1983): ORNWOLS-89/6, (1989). 

2. S .  Junlcrans and G. Vesterlund, Fuel Rod for Nuclw React0 r, Swedish Patent No. 
7501252-6, (April 1978): ORNL/rR-89/16, (1989). 
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3. Japanese Patent No. 63-275989, English abstract (No Translation Available) 

UpdateKompiler: May 1989EBL 
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Fig. 1. Design of fuel rod using getters to prevent corrosion. 
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Description Title 

Table $.1 Structures, Systems and Comporienas to Maintah Coolant 
Zbr;xaan1dary Integrity: Function 2 1  

Double Pressure Vessel 2.1 Chapter 8 8-3 
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Functional Requirement: Level 2.2 Mahtain Coolant Boundary Integrity 
Level 1.2.1 Maintain Gore Coolant Boundary Integrity 

Safety T m :  Passive 

Development Status: 4 Analyzed 

Reactor Tyg~;: Pressurized-water reactor (PWR) 

agmization: University [University of Rome (Italy)] 

Examples of Implernentatioq: None 

pescription: A major type of postulated accident for LvirRs is failure of the primary 
system pressure boundary such as a pipe break. One proposed solution is a double 
pressure boundary where the primzury system is inside a secondary pressure boundasy 
(Fig. 1). The key design characteristics of this system include the following: 

The primary system is designed to handle full system pressure. 

* I%e secondary pressure boundary is designed to handle full reactor system pressure 
and normally operates at primary system p ~ s s u r e .  

The space between the prirnary and secondary pressure boundaries is Filed with 
pressurized water at 700C The exterior of the primary pressure boundary is 
insulated to mininlize heat losses to the cool water. 

Dining 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 the 
primary system would be idcntifkd by trace radioactivity in the cooler water outside the 
primary system. 

The secondary pressure b o ~ n d a ~ y  is at full reactor system pressure. If a failure QCCWS, 
only cold water exits the secondary pressure boundary with no release of steam and 
larye energy release from depressurization of the cool water. The primary pressure 
boundary then takes over the function of maintaining coolant boundary integrity. 

Alternate Versions: Both steel and prestressed concrete are options for the secondary 
pressure boundary. 

Status of Technolow: This option is currently k ing  investigated at the University of 
Rome (Italy). 

Advantages: 1 ~ Passive double pressure boundary t~ protect against single pressure 
boundary failure, 

2. Cold water zone between two pressure boundaries implies low energy 
release to containment after a postulated pressure bun* failure. 
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3. Secondary pressure boundary with cold water results in very low 
radiation levels near the =actor inside containment during noma1 
operations. The water acts as a shield. 

Additional Reauirements: None 

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

References: 

1. Depamnent of Energetics of La Sapienza University of Rome (Italy), Multinufnose 
Advanced Reactor Inherently SafL Draft (July 1989). 

2. M. Caira, M. Cumo, and A. Naviglio, "MARS Reactor: A Proven PWR 
Technology Combined with Advanced, Safety Requirements," Energia Nucleare 23 
(MayBeptember 1987). 

UtxIate/ComDiler: October 1989/CW 
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Fig. 1. Double pressure vessel system for pressurized water reactor 
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Structures, Systems and 
Components to Control Primary 

Circuit Pressure 

Function 2.2 
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Description Title 

Table 9.1 Structures, Systems and Components to Control Primary 
Circuit Pressure: Function 2.2 

h a t i o n  of 
Function Description &ge 

In Reactor Core Power Fuses 2-2 Chapter 5 5-49 

Safety and Relief Valves 2.2 Chapter 9 9- 3 

Gontinuoiis/Sitnultaneous Pump Pressurizer 2.2 Chapter 9 9-7 

Passive Pres s urizer S pray 2.2 Chapter 9 9- 10 
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TITLE: SAFETY AND =LIEF VALVES 

Functional Reauirements: Level 2.2 Control Primary Circuit Pressure 

Safety TyDe: Passive 

Developmental Statu 1 : 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Multiple 

Examples of 1mdement;Pn 'on: Pressurized-Water Reactors (PWRs) - Main steam pressure 
relief, pressurizer, pressurizer mlief 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. 

Descrioti~~: The ASME Boiler and Pressure Vessel Code requires that all pressure vessels 
he provided with a means of overpressure protection. In nuclear and chemical plants, 
safety and relief valves are frequently used to satisfy this safety requirement. Safety valves 
(Fig. 1) are spring loaded, actuated by pressure, and usually intended for gas or vapor. 
They are designed to be fast-acting, "popping" open when over pressure conditions exist 
and, except for rupture disks, reseating after the pressm drops below limits. Relief valves 
(Fig. 2) may also be spring loaded and operared 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 applications in the nuclear industry. 
In PWRs, the pressurizer and each steam generator uses multiple safety valves in a parallel 
configuration where they are si& to handle the steam load under all 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 the reactor vessel and ltlitin steam lines. The safety valves used in LWRs are very 
reliable in actuation, but are known to experience occasional problems in fully reseating. 

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

1. Between 71 and 300 psi, f3% 

2, Between 301 and loo0 psi, f1Q psi 

3, Over 1OOOpsi, 21% 
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Safety valvcs include a class of nonrecbsi~ig-type protection such as that provided by 
fusible plugs, rupture disks, and breaking pin devices. Rupture disks u t i l h  prcsswe-relief 
rupture diaphragms or ~neailmties of metal OT other shect material that burst when the 
pressurc reaches the set-to-operate or bursting pressure. Rupture disks are high-reliability, 
noiri d o s i n g  pressure safety dcviccs that, in conventional usage, are gerierally the f i n d  
lzvel nf piorec:iion when all else fails. 

Rup t~ re  disks am often used in series with re!icf valves, providing protection to the relief 
valves when corrosive liquids or gases aie involved (Fig. 3). In this type of application, 
the ASME C d e  requires Ihat the space between the relief valve and the disk be monitored 
by a suitable iiadicator to show whether the disk is cracked or leaking. Sufficient 
backpressure in this wea may ~TCBICIIC the c ~ p u r e  of the disk at its design pressure. When 
used alone, thc disk exhibits the following featairma (1) leak tightness, (2) low cost, 
(3) low Iiiaixirenancc9 (4) fixed setting, ( 5 )  nonrwclssing (but rcadily replaceable), and 
(6 )  dispssable. Rupture disks arc available in a wick variety of materials, sizes, shapes, 
rqmi-e pressures, ioleranccs, and maximum opcratiing ternperaturcs. Standard ruptilre disk 
materials are aluminum, silver, rrickd-200, moanel-400, in~r0~lel-6CN3, and 3 16 stainless 
stcel. Xxger mpturc disks may be pickulgd and are generally installed in a safety head in 
which thc disk is secured by sc.*.eml bolts. 

Rr_;pture disks are available for a wide mige of temperatures and psessrms. While the 
maximixm recommended temperatures of ahnxainum arid silver disks are 25(r-'F, Inconel- 
600 and 3 16 stainless sicel arc suitable up to 9WF Special materials such as platinum are 
used at even higher temperatures. Rupture pmssures rangc from a few psig to 3,001) psig 
and iiiglner, with the expccted rupture toleraariec between -5 and +5% (for mpturc pressures 
above 15 psig). 

The reliability of rupture disks is excellent arid out-of-specii'icatkm ruptures duc to 
zirishandhg, poor installation, aging, and corrosion are in the safk direction (Le., at 
pr~ssures below the: set- to-opemte pressuie).s. Material selection criteria should include 
considerations of creep, fatigue, and corrosion as well as those operating conditions 
coutributing to each (e.g., temperature, pressure, pulsating or fluctuating service, and 
chernical reactivity). Material fatigue cat1 De rd~iced through the use of thicker disks aid 
certain disk shapes, Scheduld inspccrions and/or maintenance can be pxfomed to 
iiiciczsc ap ture  disk reliability and burst accuracy if necessary. 

Alternative Versions: Rupture disks can be advantageously used in conjunction with safety 
and relief valves. For insta-ncc, the us;: s f  a mlicf valve in parallel with the rupture disk can 
provide a smooth, carefully rmdulated response to overpressure, preserve the disk, and 
prnvide automatic resealing. When the relief-valve set pressure is 5 to 10 96 below t h t  of 
the rilptuct: disk, the disk sc~ves in a backup capacity in case of relief valve failure. 
Rrqture disks, in series with and cm the inlee side of safety arid relief valves, can improve 
thck rdiabiliiy by isolaring them from corrosive substances prior :o rupture. Rupture disks 
iliiiy alsc be used on the outlet side of safety valves to prevent leakage of the system 
thrmgh the safety valve and to protect the valves from corrosion due to exposure to 
;3 t i ~ - i ~ s p h ~ ~ c  or other ccs~~osivc; outlet environments. 

Slatus of -~echi i s~o~y:  Safety and rdief "c'ahcs have been widely used in industry for 
%&de<. The chemical and nuclear industries are predominant users of each. 
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Advantam: 1. Safety and relief valves me amaated by ~ESSL- aid are simple, 
reliable valves. 

2. The full-actuation res nse 01 safety valves tca i 
is instantaneous. 

5 .  Rupture disks bas t  low cost 

7. The leak tightness of a arpt 
metaP-seated safety and relief valves). 

k is excellent ~ ~ x ~ e ~ ~ ~ ~  ~I~knat of 

: None 

1, L. R, Harris, "Select the Right Rupture Disk," 
ay 1983). 

2. Anthony L. Kohan, cGmw IGll Book Company, 
New York (1987). 

3. "Hydraulic Pressure and Flow Valves," 
(September 27, 1984). 

4, EX. h n n i n  
Protection, 

T Jpdate/Cornpiler: A p d  1989 
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Figure 1 Safety V a l v e  Figure 2 Adjustable Relief Valve 

Fig. 1. Rupture disk used in series with and in parallel with relief valve. 
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Fun- Require ment: Level 2.2: Clm.rol Primary Cireuit Pressure 
Level 1.2.2 ~ ~ i ~ ~ ~ n  Core Coolant 

Safetv Tvpe: Passive (See Comments) 

j3eveloane ntalstatus: 5 Concept 

Reactor T m  : Pressurized-water reactor (PWR) 

m i z a t i o n :  University (Pennsylvania State ' ~ ~ ~ v ~ ~ s ~ t ~ ~  

Examples of Implementation: None 

coolant system pressure and water inventory, The 
conventional vapor pressurizer md associated relief valve found in exisling PWR pHinpary 
coolant systems. 

n: A continuous pump pressurizer (CPP) add be used to control the prim 
tvould replace the more 

A continuous pump pressurizer sy~tem(l -~)  consists of a centrifugal injection pump, an 
atmospheric water tank, a regenerative heater, and a letdown system as shown in figm 1. 
This particular design is proposed for the P e n ~ s y ~ y a n ~ a  State University 6( 
Water Ultra-Safe Plant Concept. I The in-containment water tank contains 
1.2 million pounds of 1400 F water at atmospheric 
used to maintain this temperature during operation. 
primary coolant system through an injection pump and a 
regenerative heater is used to cos1 the water flowing from the hot kg of the reactor into the 
atmospheric tank and to warm the water flowing out of &e atmospheric tank to the cold leg 
of the primary coolant system. 

During steady-state reactor operation, the injection flow into the c 
the letdown flow from the bot leg of the reactor are q u a l ,  with a 
gpm flow rate returns to the atmospheric tiink through the isoiaeio 
injection pump flow is 6 0  gpm. During pressun: transients, the pi 
pressure and coolant inventory are stabilized by the combined effect 
and the letdown system flow rates. A primary system pressure ine 
centrifugal injector pump flow rate to decrease and s ~ ? ~ ~ l ~ ~ ~ ~ ~ ~ u ~ ~ y  
rate to increase and therefore pressure stabilization is achieved. A 
pressure decrease will cause the pump flow rate to increase and th 
and pressure stabilization will again be achieved. These flow cha 
letdown system are passive in nature and require no external ~ o ~ ~ ~ ) ~ ~ i n ~  ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

The injector pump bypass system is needed to prevent the c ~ ~ v e ~ ~ ~ ~ : ~  cent~-Xugal pump 
from overheating during low-flow or no-flow conditions. A new type sf centrifilgaji pump, 
the Cool Pump5 may offer a simpler alternative for the design of this p~ 
The Cool Pump is designed with two parallel irnpellcrs with ~ n i s m ~ h e d  
characteristics so that during normal operation the p u ~ r ~ p  functions sinail 
pump but during low-flow or no-flow conditions the Cool Pump will 
to the atmospheric tank. This design eliminates isolation valves md niay be more efficieni. 
This technology is in an earlier state of deveiopnieiit. 

eg of the Racl.c9s and 
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Alternative Version: A centrifugal pump is open to flow through the pump even if the 
pump is not operating. Placement of the atmospheric tank above the primary coolant 
system ensures gravity flow of the 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 @CCS) exists without mechanical block valves. The 
pump acts as a fluidic (block) valve requiring power to remain closed but opening upon the 
loss of power. If a major coolant pipe breaks and the system depressurizes, cooling water 
is provided to the reactor core passively. 

Status of Technolo-a: Some preliminary modelling of the CPP has been done. There are 
significant uncertainties. The use of CPP as a gravity flow ECCS system has not been 
investigated. 

AdvantaB: 1. Controls primary circuit pressure and inventory during a pressure 
transient. 

2. Possible passive gravity flow ECCS. 

Additional Requirements: None 

Commment~: This system allows the reactor to depressurize in a controlled manor without 
active components and allows for gravity flow of water into the 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. I-Ielsel, R. Schaffer, T. Schearer, 
K. Smith, L. Wang, and J. Zardas, "The Pennsylvania State University Light-Water 
IJltra-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. Smith, 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 Intra-Safe Plant 
Concept," Pennsylvania State University Department of Nuclear Engineering, 
October 19, 1987. 

5. S. (3. Chang, J. H. Kim, "Cool Pump: A New Centrifugal Pump," Resented at the 
Second International Symposium on Transport Phenomena, Dynamics, and Design of 
Rotating Machinery, Hawaii, April 3-6, 1988. 

Update/Compiler: May 1989/Wm. 
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Fig. 1. Continuous pump pressurizer system. 

3 of 3 



9-10 

Functional Reguirements: Level 2.2 Control Primary Circuit Pi--* b.ssure 

Safetv Tvue: Passive 

DeveloDmental Status: 2 Demonstrated 

Reactor Type: Pressurized-water reactor (PWK) 

Ormnization: Vendor (Combustion Enginaxhg j 

Examdes of Innplernentation: None 

DescriDtion: PWRs have pressurizers to control reactor pressure, The camvendoml 
pressurizer is a tank connected to the primary system, with the top half of the tank filled 
with steam and the bottom half filled with primary-system water in cmtact with the rest of 
the p h a r y  system. If it is desired to increase the system pressure, electrk heaters heat 
the water in the pressurizer and create additional steam. This increases the pressure. The 
pressurizer water in contact with the steam volume is at the boiling point, but the water at 
the bottom of the pressurizer is at the primaq-system temperature, which is much lower. 
To decrease system pressures, colder water from the primary circuit is bjccted into the 
steam volume in the pressurizer (which condenses S O ~ E  of the steam). 

Following decreased-heat-removal events in a P%vw (e.g., loss of flow, loss of feedwarer, 
loss of condenser vacuum, and feedwater line breaks), the increase in p r h a q  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 coalant purxys (RCBs) 
are operating, the spray flow is driven by the pressure difference from the 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 &odes to provide a passive internal 
spray system to limit reactor pressure under normal and accident conditions (Fig, 1). Tbe 
SIR pressiirizer is within the upper head of the reactor vessel (RV). The upper head 
coolant is separated from the primary circuit coolant in the lozver RV by a steA piate. 
Penetrations in the plate indude the fluidic diodes, contp-01-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 prirnaary 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 C Q O I C ~  primary circuit water (295 to 31 8oC) 
enters the pressurizer via the pressurizer spray aid control-rod guide tubes. This cooler 
water is sprayed into the steam, condenses some of the steam, a.nd lowers the preesure. 
During normal operations, the steam temperataturs: i s  (-36WC), 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 the pressurkef where liquid water is located and forces hcomhg 
water into the pressurizer spray lines and spray nozzles, In short, water only enters the 
pressusizer via spray nozzles into the steam volume and only leaves by the fluidic diodes 
at the bottom of the pressurizer where the coldest liquid water i s  located A passive 
pressure control system is created. 

Alternative Versions: None 

Status of Technology : SIR conceptual &sign completed 

Advantam: 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, 
, Cornbusdon Engineering, TIS-8471 (1989). 

JJpdate/Compil%;r: October 1989/CWF+ 
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No passive devices were identified to isolate the primary circuit from the balat~ce of 
plmr. Ttne basic functional requirement is isolation of the @oactivity that may be in the 
primary circuit; howeverg in practice, this usually implies isolation of the fluids in the 
primary circuit containing the radionuclides. h current reactors, this task is accomplished 
by: (1) sensors throughout the plant, (2) a csmtrclP system tlras determines when the 
primary system should be isolated, 3 (3)  m w h a ~ c d  closure of the primary circuit 
isolation valves. 

From one perspective, the steam generator in a PWR isolates the primary system 
from the balance of the plant, However, there are other systems that bypass this isolation, 
including water cleanup systems and pressure relief valve systems. 

in p a ,  a distinction between systems designed eo prevent core 
Maintain Core Integrity) and those designed to mitigate accident consequences (Functisn 2: 
Control Transport from f i rnary Circuit and Function 3: Control TEUIS~CJIT from 
Containment), To prevent core damage, there are a single set of conclitioins that define the 
safest state (core shutdown at cold tempewtms). Many passiv~, ways exist to ensure this 
condition if the reactor core is threatened, In accident mitigatiora, the preferred safe 
conditions for most (but not all) postulated accident situations can be defined and remain 
unchanged with time. The exceptions can impose constraints on the type of systems for 
accident mitigation. FOP example, it is desired LO &pressurize the reactor in certain 
accidents to maintain primary system integrity, but depressurization is a controlled form of 
texmiponarily eliPrminathg isolation of the pfiniary circuit fpcsm the containnment. In effkct, the 
preferred geeion by die process isolation system depends not only on local conditions, but 
on condit.km elsewhere h the reacictsr. The safe direction for action may change with time. 

The above problem is difficult to address at the level of passive smcti~es, systems, 
and components. It can be addressed at a higher level in terms of total plant design with 
the use of passive devices to avoid situations ira accident mitigation where the preferred 

The difficulty of idendfyhg passive devices for t h i s  ftincti 

s on conditions throughout the plant that vary ipqitl? time, 
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Tablc 11.1 Stnictures, Systems and Components to Maintain 
Conmtainment Baun$argi Integrity: Function 3.1 

Descriptioil.TI3tl~ 
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Functional Requirements: 3. f I 1 Effect Containment Es(n1ation 
Control Radiation h m  ~ ~ t e ~ ~ ~ s ~ ~ ~ ~ ~ ~ ~ e ~ t  in Storage 

Safety tm: Passive (See Comments) 

Develmmental Status: 1 Commercial 

: Vendor (Multiple) 

Reactor Twc: Light-water reactor (LWR) 

Examples of 1 m dem entation: U.S. boiling-water reactors (I3 rq 
and MARK I, XI, and In containment designs, while 
primarily use the large, dry containment designs. (P 
subatmospheric designs.) 

-: Containments m the structure that houses the reactor system, protects the 
reactor system against external environmental conditions (tornadoes, etc.), and protects the 
environment against postulated reactor accidents. Nuclear s m c t m s  must be designed to 
sustain various stress loading scenarios that may be expected to m u r  in accidents during 
the lifetime of the plant. Containments are designed to withstand single or multiple static 
and dynamic loads, which aare caused by accidental and envhx-mxtal conditions. 
Containments must be able to retain internal pressures that could result 
vaporization of the coolant (with accompanying fission products and h 
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 earthquake may represent 
a load with statistical variations for time, intensity, or duration; therefore, the containment 
structurd resistance and related secondary failures cannot be accurately determined because 
the containment materials themselves exhibit a statistical variation in properties. Such 
uncertainties have required a probabilistic approach and hardwse verification efforts such 
as pressure-to-failure testing of reduced-in-scale containments in the Nixclear Regulatory 
n om mission (NRC) Containment Integrity program. 1 

The design of EWRs built in the U.S. vary by type of reactor 
containment shell liner and reinforcement type (e.g., full see 
tensioned). The numbex of each type of containment constru 
summarized in Table 1. 

use the ice condenser and 

. .  

e rapid 
s gases) 

or PWR) and by 
reinforced, and post 
US. plants is 

The four basic structural features of the conventionally ~ ~ i n f ~ ~ e d  concrete containment are 
the reactor sump, the base mat, the cylinder, and the dome. The ccPnt&ment receives its 
strength in tension from the heavy use of high-strength rebar embeddd 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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?'he prestressed cmcrek csatainn-uxt shown in Fig: 1 makes use of post-tensioning 
tendons el7ibcdded. ihg: cswtaimieai shell $0 ~ I W W ~ G  design ~ E S S U ~ C S  as high as 60 pig.  
The cylindrical portion 1 2  :!I.; containment i s  prestressed by ho~izontai and vertical tendons. 
'l'he dome portion uses a thi-ce-way post-tensioiriing system where thee &rsrqx of tendons 
am anchomd at tht: vertical face of thc dome ~ h i g  girder. The structure is lined with 1,lLa-h. 
welded steel plate for a vapor bztrrk-. In the presmesscd contairnrncnt, sufficient post- 
tensioring is used en tke cylinda- and dame to more than balancc the imtemal prccssun-e so 
that a margin exists bcy 
DR'Rs, prestrcssecl csilcrcic: may only be used ili the wdls of the drywell, which is a 
smallc~ smictuw fully encluscd by the containment building walk. These designs are9 of 
course, based on  the fact that conc1e:e is stmng iri compression and weak in tension. 

The full steel cmtaininmerris shown in Fig, 2 r71ake use of a large pressure vessel with a 
typically ton-osphcdcal or ellipsoidal steel shell bc~ttorm, cylindrical walls, md hemispherical 
dome. Tne c h i p  sui~kes use of wcl.ll-devclrrped steel pressure vessel design codes arid a 
doublc containnicfi; !cdn;agc csiaccpt where the stccl containment is surroimnded by a 
conwolled volunie afirdus. The frecstarrclirxg costainrnent vessel has no s t rucn~d links to 
the cc9nci-ctc containinept buildbig md i s  separarcd from it by a narrow annular space, 
except at tlk bottom w t e r ~  the shcll sits on a concrete fill slab which, in tm, rests on the 
smc;ural slab. Other maj 
the elliptical. or ~ ~ ~ s y l i e r i  

PWK contaninenis utilize the rkinfc~i-ced., prestressed, andlor all-steel designs described 
above. They are of tliice basic designs (See Fig. 3): large dpy; ice comderaser (See: 
Containment Ressure Conzol: Ice Cibf-rdensers), or subaraiospkeric (See Vacuum 
Coniahrient). Thc large dry C O ! I ~ ~ ~ ~ I I ~ X K : ~ S  are by far the most common (78% of all 
IWlts), utilizing their laigt: volume to limit thc p-i-essuue developed during a loss-of-coolant 
accideaxt (LOCA) blowdown. In conmist, the ice GCI~K~XXX- contaiiiniernt is constructed so 
that steam produced by the primary codant system blowdown after an L W A  i s  directed 
throeigb an Ice condenser to cool arid condense it md thus "limit eke niaxhurn containment 
pressure. The advantage of the ice condenser containment over the large, dry containment 
is that by limititig the emi-gy r~lcased to tl;e contahn?ient, the containment may be -50% 
smaller. 

that required to resist the design accident pp%ssure load, Tn 

irnent cisniporients are the concrete cylindrical svalls and 

B'&X c o n i ~ ~ m e n t s  featwe special sysser:rs such as drywells in the psip1.nruy containment 
and pressure suppression chaint?crs (See Fig. 4) or "suppa.ession pools" (See: 
Ccmtaiwnent Pressure Con~0l-Suyprcssi0n Pod and Bubbler Condenser). The daywell 
enclose? the ret~ctor vessel and, when scaled, acts as the, first contahnicnt barrier. It is tied 
to a suppression pool via a connection veilt system. Ihc suppression p o l  stores a large 
volume af water and, in the went of m T,OCA, condciises the bllawdcswn steam that is 
channclcd through it. 111 [he MARK I dcsign, thc paill I s  in the shape of a tonis encircling 
the bottom o C  the drywz/1; in thc MARK 11: it is located clircctly below the drywell in the 
s m e  strxture; and i i z  tkc h4A.RIy 1U, it located in the bott,om of the dry containment along 
the outer containznent building wall. The secsnday containment in BWKs is the 
containment cnoncret~ shield building, which is not unlike those used in P W s .  Each of the 
MARK containments is an uphtr: of a previous version arid elms the MARK I is unlikely to 
see use in future  piant designs. 
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structure contains 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, and is designed for 6.3 bar at 145OC. 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 Technolony: Used in all LWRs in the United States 

Advantages: 1. Containment buildings are 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 Reauiremen tS: 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 the loss of isolation by providing holduo time after an accident for 
various mechanisms to trap radionuclides inside containment (See function 3.2: Trap 
Radionuclides). 

1. T. E. Blejwas, W. A. von Riesernann, et al., "The NRC Containment 
Integrity Program," M, 
Transactions from the International Association for Structural Mechanics in 
Reactor Technology, 2 (August 1983). 

2. W. K. E. Braun, K. Hassmann, et al., "The Reactor Containment of 
Standard-Design German Pressurized-Water Reactors," Nucl. Technol., 2 
(March 1986). 
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Table 1. U.S. pressurized-water reactors (I’WRs) and 
boiling-water reactors (BWRs)a 

Post 
Steel Reinforced Tensioned TotaJ. 

h g e D r y  

Ice Condenser 

S u b-atmospheric 

PWR TOTAL 

Pre-MARK 1 

MARK I 

MARKrl[ 

MARKm 

BWR TOTAL 

9 

6 

15 

4 

22 

1 

2 

2 9  

8 

2 

6 

16  

PWRS 

33 

- 

3 3  

BWRs 
- 

2 

50 

8 

4 

6 4  

4 

24 

6 

3 

37 

LWR TOTAL 4 4  2 2  35 101 

ahformation from: R. F. Sammataro, “Containment Long-Tcrm Operational Integrity - 
A 1988 Status Report,” Fourth Workshop on Containment Inte-gri., U.S, Nuclear 
Regulatory Commission, NUREG/CP-0095, SAND88- 1836 (June 1983). 
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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 Require- : 3.1.1 Effect Containment Integrity 

Safetv TVD - - g :  Passive 

Developme& Status : 4 Analyzed 

Reactor Tvs:  Light-water reactor &WR) 

m: Vendor (Asea Brown Boveri) 

Examdes o&ple mentation: 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 still occur in the 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 temperatme below the freezing point. This could be 
accomplished by installing cooling coils along the walls and ground surface of the soil and 
rock m s s  that surrounds the containment. Each cooling coil would contain several 
hydraulic, series-coupled cooling elements, with each element insmexi into a hole drilled 
into the soil and rock mass (Fig. 1). The cooling coils would be parallel-coupled with 
each other arid connected to an absorption-type cooler. This cooler would obtain at least 
some of the heat equired by the cooling apparatus from flow-through water heated by the 
reactor. The rnaximw temperature of the cooling medium circulated through the coils 
would be 80 C and the minimum thickness of the frozen soil and rock layer would be 1 m; 
the preferred cooling medium temwrature would be -400 C, and the p r e f e d  thickness of 
the frozen soil and rock layer would be 10 m. 

If radioactive water leaked from the containment it would not immediately reach the 
surrounding groundwater, but would be frozen in the frozen soil and rock layer. The 
retention time would depend on the size of the cooling system. The fmzen layer would be 
self-sealing; any cracks that o c c d  would reseal when the reactor water penetrating 
them froze. If desired, the cooling capacity of the soil and rock mass could be increased 
by the addition of a number of cold accumulators, e.g., plastic bags containing a salt 
solution with a freezing point of -200 C. 

Alternatr 've Vers ions: None 

: Not currently in use. 

: 1 .  Radioactive water leaking from the containment would be retained in 
the frozen soil and rock mass surrounding the containment. 
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2. Even if an accident prevented the cooling machinery from functioning, 
the soil and rock mass would still remain fiazen far an extended 
period, allowing time to carry out decontamination procedures. 

3 .  The large frozen mass provides a large heat sink for the reactor decay 
heat, 

Additional Reauirements: Nom 

Comments: None 

References/Contact S:  
1. K. Wannerz, Tnneslutningsanordning for en K8rnreaktor (Containment Arranpement 

for a Nuclear Reactorl, Swedish "Jtlaggningsskrift No. (B) (21) 7SO8757-7, 
(August 1975): ORNL/TR-89/15 (1989). 

Ilpdate/Com-oiler: March 1989/EBL 
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TITLE: FILERED, WNTF,D CONTAINMENT 

Requireme nt: Level 3.1 Maintain Containment Boundary dtegrity 

Safety Tpe: Passive 

Develomnental Status: 1 Commercial 

Reactor T m :  Light-Water Reactor (LWR) 

m n i z a t i o n :  Vendor (Asea Brown Boveri and KMW) 

Examples of Implementation: The HLTRA gravel-bed system was put into operation at 
the Swedish Barseback Nuclear Power Station in 1985, 

Descriptioq: A filtered, vented containment is a standby system connected to a nilclear 
power plant containment structure. Its function is to provide pressure relief for the reactor 
containment in order to avoid containment rupture following a postulated reactor accident, 
while limiting radioactive release to the atmosphere. Many types of filtered, vented, 
containment systems (FVCS) have been propased: dry filters (fibrous mats, gravel beds, 
and sand beds), wet scrubbers (water pools, submerged gravel beds, washed fibrous 
mats, and submerged venturi), and c ~ ~ b i ~ a t i ~ ~ s  of different types of these filters. An 
extensive review of W C S s  can be found in Ref, 1. Table 1 lists a variety of FVCSs now 
being used or planned on LWRs throughout the world. 

The two-stage FLlRA-MVSS is an example of one of the W C S s  listed in Table 1.2a3 It 
is being installed on all of the Swedish LWR nuclear power stations, except the boiling- 
water reactors (BWRs) at Barsebiick. FILTRA-MVSS includes a pressure relief system, a 
system for collecting iodine and particulate matter, and ;a moisture separation system (see 
Fig. 1). The FVCS is housed in a separate concrete building whose interior is in the form 
of a pressure vessel provided with a stainless steel liner. A radiation-shielded concrete 
culvert connects the venting system to the reactor containment. Tf a serious reactor 
accident should cause an excessive pressure rise in the reactor containment, the steam and 
gas are ducted via the pressure relief system through a centra9 pipe into the filter chamber, 
which is partially Nled with water. The central pipe leads to a number of horizontal 
distribution pipes that feed to multiple venturi nozzles. A series sf  water seals 
automatically match the number of venturi nozzles in operation to the required off-gas 
flow rate. In the venturi nozzles, a mixture of steam, gas, and water is accelerated and 
discharged into the water pool. The gas then bubbles up through the pool in the filter 
chamber, trapping the particulate matter and dissolving elemental iodine. After the gas 
leaves the pool, it goes through a dry gravel bed where entrained water droplets are 
separated from the gas. It then exits the plant into the atmosphere via the discharge staek, 

Filter vent systems are typically designed to remove 99 to 99.9% of the fission products, 
excluding noble gases. 

Alternative Versions: Passive activation of some W C S s  could be achieved by including 
appropriate devices in the 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 the 
possibility of land contamination, to reduce the planned evacuation radius, and to provide 
an additional option for severe accident management. Although the fxst European FVCS 
installation was a large, expensive, gravel-bed filter shared by two Swedish BWRs, the 
trend is toward the installation of small, lower-cost FVCS such as the sand beds or 
stainless steel fiber filters 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 U.S. utilities have proposed the installation 
of FVCSs at BWRs. A listing of the various types of FVCSs installed or being installed 
at LWRs throughout the world can be found in Table 1. 

Advantages: 1. Prevention of containment rupture because of oveqressurimtiora 
following a postulated reactor accident. 

@oxitrol of radioactive release to the atmosphere following a 
postulated reactor accident. 

2. 

Additional Requiremen&: Pressure integrity of containment structure and successful 
isolation of containment after an accident. 

Conmen$: The various W C S s  require different levels of operator attention after an 
accident. Morewitz's analysis concluded that "so fm, the Barseback FXLTM system is 
the only FVCS designed for totally passive operation4 All of the other systems appear to 
require" various degrees of support. The EXTRA system is a 20-m diam, 40-m high 
(IO,W-m3 volume) crushed gravel bed filled with 25-mm crushed quartzite (a type of 
granite). The bed is designed to remove W.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 sign4ficantly different than current designs 
when integrated into the reactor conmnment system. 

References/& ntac ts: 
1. Harry A. Morewitz, "Filtered Vented Containment Systems for Light- 

Water Reactors," Nucl. Technol., u, 117-33 (November 1988). 

2. Kjell Elisson and Tore Walterstan, "Swecien Employs a Multji Venturi 

( M m h  1988). 
Scrubber for Containment Venting'* PJucl. Eng -, rnt., a, ~ 3 5 ) ~  

3 .  "FLTRA MVSS," RQ~RSS Report No. 5. April 1987, ABB-Atom AB, 
S-721 63, VasterAs, Sweden. 

4. Ake H. Persson, "The Filtered Venting System Under Construction at 
Barseback," Nucls ar Technoloq , a, 158-60 (August 19851, 
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Table I. Various LWR Filtered Vented Containment Systems 

Type 
Filter name (Sequence of filters) Reactor Country Footnote 

Sinale Staae Svstem 

FILTRA Filtered vents 

Gravel beds 

COSA 

UtWKWVN 

2 BWRs (Teollisuuden 
Voima Oy Utility) 

Barseback BWRs 

Thermal-type hydrogen Leibstadt Mark-Ill BWR 
recombiner 

Sand beds 

Finland a 

Sweden b 

Swilzerland C 

All 900 MW(e), France d 
1300 MW(e), and 
1400 MW(e) PWRs 
operated by Electricite 
de France 

LlPwiwm Water pools Muhleberg Mark-I BWR 

EFAD (1) a moisture separator All CANDU heavy-water- 
moderated power reactors 

(2) pref i l ter ;  opera!ed by Ontario Hydro 
(3) dry HEPA filter; 
( 4 )  activated charcoal filter; 
(5) HEPA filter; 
(6)  motorized fan 

and air heater: 

S wt i r e  rlan d C 

Canada C 

FILTRA-MVSS (1) Multi-venturi scrubber; All LWRs except at Barseback Sweden 
(2) gravel bed 

Ul4GWVVW ( 1  ) Multi-venturi scrubber; Brunsbuitel and Krumnel Germany 
(2) filter module KWU Series ‘69 BWRs 

w4(No\nR\I 2 and 3 stage stainless steel Brokdorf, lsar II, Emsland and Germany 
filber filter units Neckarweslheim 1300 MW(e) 

PWRs 
7 more 1300 MW(e) PWRs 

aTo be installed in 1989. 
blnstalled in 1985. 
Clnstalled. 
dlnstallation in progress. 
eDesign modifications underway. 
fTo be inslalled. 
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Fig. 1. Schematic of FLTRA-MVSS system. 
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TITLE: VACUUM CONTAINMENT 

Functional Reauirement: Level 31.2: Control Energy in Containment 
Level 3.2 Trap Radionuclides 

Safety TvPe: Passive 

Pevelotmen talstatu: 1 Commercial 

,Reactor Type: Light-Water Reactor (LWR) 

aanizat ion:  Canada 

Examples of Imp lementat ion: 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. 

DescriFtion: 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 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 the overp.1.essure in the main containment 
building to be lowered. 

Canada's Ontario Hydro has incorpordted a vacuum containment system for all of its 
CANDU reactors. A common feature of the 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 the 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 COCA), the 
resultant pressure rise in the 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 open and 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 presswe 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 the 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 Wa. A water spray is initiated and maintained by the resulting pressure difference 
between the main vacuum building chamber and the upper vacuum chamber normally 
pumped down to 1.5 H a  (see SSC description: Containment Pressure Control by 
Water Spray). The dousing system's primary function is to condense and cool the 
steam-air mixrure that enters the 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 Technoloq: Multi-unit CANnU nuclear generating stations utilizing a 
common vacuum building were installed at the Pickering NGS, the Bruce-A NGS, the 
Bruce-B NGS, and the Darlington NGS in Ontario, Canada in the early part of the 
1980s. 

-.-I Advantages: 1 ~ Vacuum containment systems can be designed to reduce containment 
overpressure transient within minutes after if reactor accident and to 
maintain a subatmospheric pressure for several days after. 

The system is passive in operation. 
2. Radioactivity can be cawrained. 
3. 

- Additional Requirements: None 

Comments: None. 

RefeP-encesKontactS: 

1. J. Huterer et d., "Pressure =lief structures of multi-unit CANDU nuclear 
power plants," Nuc. Eng. and Des., m, (l), 21-39 (February 1987). 

Walter W. Koziak, "Bruce-B NGS - Containment Commissioning Test," 
Nuclear Studies and Safety Department, Ontario Hydro, Toronto, Ontario, 
Canada, October, 1983. 

2 

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, CONE;-8708 12, 
467-73 (1987). 

Ujccate/Compiler: Jan. 1989/RLP 
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Fig. 2. Schematic of the pressure relief valve. 
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TITLE: PASSIVE HARD-'VACUUM CONTAINMENT SYSTEM 

9 Functional Requirement: Level 3.1.2: Control Energy in Containment 
Level 3.2: Trap Radionuclides 

Safetv 'I'v~e: Passive 

Develouniental Status: 3 Evaluated 

Reactor Tm.e_: Light-Water Reactor (LWR) 

Organization: Industrial (Nude Dyne Engineering Corporation) 

Examples of Implementation: None 

Description: A vacuum containment can prevent and contain the release of energy and 
radioactivity after a postulatd 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 thee 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 
conditions. Reinforeed-concrete encloses the auxiliary containment structure, which 
operates near atmosphcPnc pressure. The 9-einfol.ced-ccsacrete reactor building provides a 
secondary containment. 

Major containment safety systems inside primary containment include depressurizer 
vessels and rcilll, dcluge, 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 I The primary containment structure, containing 250,000 ft3 
of free volume, is designed for normal operation at a 2.22-pia vacuum 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 auxi l i~es ,  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. 

'I'he 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 md 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 though 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 PooVBubbler 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 ft27 limiting the primary containment peak pressure to 4 7 5  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 niin after the pipe 
break. In the small-diameter break, the primary containnient pressure remains below 
atmospheric during RCS blowdown and for the term of the accident. 

In the loss-of-coolant accident (LOCA), borated water from the depressurizer vessels arid 
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 grwity 
flooding of the primary containment, submerging heat exchangers within the primary 
contaiiinient, which in turn are interconnected to heat exchangers in cooling pnd(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 ~ u ~ a ~ o s p ~ ~ R c  pressure 

The vacuum in the primary containment keeps the oxygen in containment below 
combustible limits, preventing hydrogen/oxygen reactions and fxes. ~ o n t ~ i n ~ ~ ~ t  
flooding provides radionuclide scrubbing of gases and the absorption of tkion pro 

Alternative Versions: Multiple design options exist. 

Status of Technology: Detailed analysis of the system has been made. 

Advantaves: 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 fish several 
days thereafter. Radioactivity is fully contained. 
The vacuum eliminates the possibility of fire it1 containment due to the 
lack of oxygen. 
Containment integrity is continually checked during nonnd operation, 
The existence of a vacuum is proof of containment integrity- 
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. 
The system is passive in operation. 

2. 

3. 

4. 

5 .  

2 of 5 



11-26 

Additional Requirements: None 

Comments: None 

Rcferences/Contacts: 

1. 0. B. Falls, Jr., and F. W. Kleimola, "A Passive Containment System for 
Advanced Light-Water Reactors," Nucl, S a f a  a ( 3 )  (July-September 1988). 

2. 0. B. Falls, Jr., and F. W. Kleimola, "Passive Containment System: An 
Advanced Light-Water Reactor Plant Having a Zero Sowce Term?," mC-13, 
Nucle Dyne Engineering Corporation, 728 West Michigan Avenue, Jackson, 
Michigan, June 1987. 

3. I;. W. Kleimola and 0. B, Falls, Jr., "Recomnlissiuning - An Alternative to 
Decommissioning," Trans. Ani. Nucl,S& 2 555-56 (1978). 

1 Jpdate/Com&r: Sept. 1989/CWF, FWK 
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TITLE: CONTAINMENT PRESSURE CONTROLSUPPRESSION 
POOLS AND BUBBLER CONDENSERS 

Functional Reauirements: Level 3.1.2 Control Energy in Containment 
Level 3.2 Trap Radionuclides 

Safety TYp&: Passive 

Developmental S tatus: 1 Commercial 

,Reactor T m  : Light-water reactor (LWR) 

Organization: Vendor (Multiple) 

ExamDles of Imr>lementatioq: 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 111 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. 

Descripion: 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 absurb 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 BWR primary containments consist of a drywell 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 BWR Mark I11 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 cbywell 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 primwy containment. The inert gases are vented 
from the suppression pool to the containment volume. The design characteristics for a 
typical Mark 111 type primary containnient are shown in Table 1. 
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The Union of Soviet Socialist Republics OJSSR) has in opemtiora thirteen 440 MW(e) 
PWR nuclear units designated as the VWR-440. (In addition, 1 3 mole units o€ larger 
sizes are now under construction.) A number of older units md all newer units include a 
pressure suppression system The VER-440  model typically irncorpowtes a large 
number (-1960) of water ways that sene as suppression pools. For each unit, the set of 
suppression pool trays is located inside a bubbler condenser tower cihcr in the, 
containment (Fig- 2 )  or constnicted acijacent to the reactor building in a connected 
building. A variant of this standardized design is now under constnrction at Juragua, 
Cuba, Its design makes use of internal suppression pools and is similar in layout to 
Westinghouse-dcsigned, ice-con~~nseH-equip~;~~ P R R  Instead of using an icc 
condenser, the intermediate compartment contains passive bubbler condensers (see Fig. 3 
and SSC description: Containment Presswe Control: Ice Condenscss). Ipne multilevel 
bubbler condenser trays contain approximately 200,000 gal of water. When .the pressure 
rise in the lower compartment, which contains the reactor, exceeds the head of water 
initially filling the bubbler tubes, he  steam-& mixture i s  forcexl downward through the 
bubbler tubes (see Fig., 2). S t em is condensed as the steam-air mixture that is exiting the 
bottom of the tubes bubbles up though the sunrounding water layer. The air and 
uncondeinsed gases passing through the water exit the intermediate conipanzment through 
several orifices into the upper compartmernt. Condensadon of the steam-air mixture is 
complete when the presslm in the lower compartment is no lotiger sufficient EO force the 
steam through the bubbler condenser unit, 

A modular pressure suppression containment system is pioposd for the Combusrion 
Engineering (3) Safe Integral Reactor (SIR). SLR is a pressurized-water reactor (See: 
Tntegral ?WW with no Mmary System Piping). ?'he pressure suppression containment 
system consists of: (1) a reactor vessel con-nparu.lfneait which houses the reactor prcssure 
vessel and support smcturc, (2) eight cylindrical steel suppression tanks with external 
fhs ,  each containing a pod of water, and (3) a vent system corariecdng the reactor vessel 
cornpmnaent with pressure suppression tanks (Fig, 4). 

Each shop-fabricated cylindrical steel pressure suppression tank operates as a conventional 
suppression pool with the incoming steam-ak mixture directed lpelow the water level in the 
tank to condense the steam. ]Each tank has a finned cxterior surface. to promote heat 
transfer to the ambient air for long-term cooling. The pressure suppression tanks are 

provisions for circulating ambient air. Tlie design pressurc of the containment is 241 MPa 
(34 psig) while the design temperature of the reactor vessel containment is 17 1°C (34PF) 
and that of the suppression tanks is 1 l@C (2400F). 

within a reinforced concrete structure which has outside air intakes and discharge 

Alternative Versions: There are many design variations of suppessioa pools. 

Status of Te&n&gy: Suppression pools me installed in all three versions of the GE- 
designed B WR containments. Bubbler condenser towers sit adjacent to the TJSSR- 
designed VVER-440 model 2,13 PWRs. l 'wo of these same VWiR-440~ with bubbler 
condenscrs witkin the primary eona;ainmerzt we now being consiruc~ed in Cuba. 

Advantages: 1. Containment overpressure due to an EOCA is reduced within a few 
minutes to a few psi, thus reducing the probability of fissian product 
ielease fiom the ~ ~ n t & n ~ n e n t .  
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2 a The suppression poolshubbler condensers are static devices, do not 
recpire any power source, and their operation during an accident does 
not depend upon the functioning of other systems. 

3 I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c s  are scrubbed from escaping gases and steam .from the 
reacton. 

Additi~nitl Rea rsiremen tS: None 

Comrne~its: ”he Advanced Boiling-Water Reactor currently under development has a 
suppre-t:ssioa pool similar to i at of the MARK 111 containment, except that it is not open to 
the ~~~~~~~~~~” 

1. Updated Final Safety Analysis Report, Grand Gulf Nuclear Station, Docket 50-416, 
Chapters 2-6. 

2. U.S. k p m e n t  of Energy, Overall Plant De&n Desc riptions. VVER Wate r- 
, D O W - 0 8 4 ,  Rev. 1 (October, 1987) 

. R. Teare, and M. R. Wayns, Design of 
neering, TIS-847 1 (1989). 
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Table 1: Mark HI Containment 

Internal pressure (pig)  30 15 

External design pressure 
differential (psdi) 21 3 

Design temperature (OF) 338 185 

Net free volume (ft3) 270,000 1,400,000 

Suppression pool water 
volllrne (A3)-totaI, m a  

r%ol depth-normal (ft) 

Vent System: 

Number of vents 

Nominal vent diamctcca 

Net vent area (ft2) 

138,300 

1 8'7" 

135 

28 q E  

552 

Vernt centerline elevations fft above 
ptwl bottom) 

Top row 11'4'' 

Middle row 7'2" 

Boriom row 3'0" 
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TITLE: STEAM CONDENSATION AND VACUUM CEATION 
BY suPPREssIoN POOLS 

Functional Requirements: Level 3.1.2 Control Energy in Containment 

mtv T-vp~: Passive 

DeveloDmen tal Status : 1 Comniercial 

Reactor Tvpe: Light-water reactor (LWR) 

mnizat iory Vendor (USSR) 

ExamDles of Imulementation: Certain Soviet VVER (pressurized water) reactors 

DescriDtioq : In a loss-of-coolant accident ( L X A ) ,  &ash vaporization of the leaking reactor 
coolant produces a rapid pressure increase in the reactor containment building. Several 
systems have been developed to use this initial postaccident pressure surge to move the 
relatively nonradioactive gases, which were originally in containment and near the reactor, 
to a secondary containment volume, then condense steam and, finally, create a vacuum in 
the containment volume near the reactor core. Since radioactive gases and aerosols we 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 volunse 
containing the reactor and primary system, the other volume(s) containing the remaining 
space in containment. To reduce the pressure of the containment volume near the reactor 
after initiation of an accident, a secondary containment area is connected to the 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 the high-pressure steam-air mixture into the water (Fig. 1, left side). The housing 
inlet pipe is submerged in the pool so that the steam-air mixture bubbles through the water. 
The cooler water of the pool condenses most of the steam (thus reducing the pressure), 
while the air proceeds through the housing outlet pipe and into the secondary containment 
(Fig. 1, right side). Several arrangements of this system are possible, including individual 
pools venting to individual secondary containments (Fig. 2, top), groups of pools venting 
to a secondary containment common to the group (Fig. 2, middle), and multiple pools 
venting to a common secondary containment (Fig. 2, bottom). 

The pressure surge that forces the steam-air mixture to the secondary containment ends 
when the reactor is fully depressurized. As the steam in primary containment candenses 
against the colder walls it creates a negative pressure in the primary containment, 
preventing the escape of any fission products to the outside atmosphere. Water sprinkler 
systems are used to condense any steam subsequently produced, and the negative pressure 
is maintained until the pressure in secondary containment becomes high enough to 
(1) overcome the pressure exerted by the water in the suppression pool (AH in Fig. 1) and 
(2) force air back into the primamy 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 the 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 to defects, damage, 
or the presence of foreign objects. Following an LOCA, the initial pressure surge drives 
the steam-air mixture through openings in the wall of the primary Containment, up into an 
intermediate chamber, and down through a long vertical conduit into the suppression pool 
in secondary containment below. The vertical conduit is designed to provide a water seal 
against backflow of air from the secondary containment, with the vertical conduit height (in 
meters) being no less than 10 times the ratio of the primary containment volume to the 
secondary containment volume. As with current designs, the pressure needed to force gas 
from the primary to secondary containment is proportional to the depth of water in the 
suppression pool (mi). However, if the secondary containment volume gas pressure is 
larger, it forces water up the vertical conduit. The pressure needed to force gas from 
secondary to primary containment volumes is propoitionid to the height 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 the reverse 
direction. 

A number of different configurations of this advanced design have been propose& for 
different reactor plant layouts. 

Sfatus of Techn-: The multiple suppression pools with check valve systems are used 
in Soviet VVER pressurized-water reactors. One version not requiring a valve will be used 
in the VVER-440 Model V-213 being constructed at Juragua, Cuba, as shown in Fig. 4 
and described in Table 1. 

B d v a n t m  : Negative pressure in primary containment prevents escape of fission products 
to the outside environment. 

Additional Reau ire- : None 

Comments: None 

Reference slCo ntacQ: 

1 .  A. M. Bukrinsky, G. V. Matskevich, J. V. Rzheznikov, et al., System for Mitigating 
jhe 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., $vste m for Mitip- 
Consea ue nces of Lo ss-of-Coolant Accident at Nuc lear Power Stat ion, U. S. Patent 
4,362,693 (December 7, 1982). 

3.  

4. D. Sykora, Compressed Air Vacuu m Svstem fo r Eocahzamn of Accidents in Nuc le,w 
Jteactors, German Democratic Republic Patent 160,446: (November 4, 1980) 

. .  

ORNL/TR- 89- 12 (1 989). 

UpdateKomDiler: March 1989EBL 
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Table 1. Sa few - Features of VVER -440 Model V213 - Cuban Variaa 

Containment S teel-lined cylindrical reinforced 
concrete 

Sprinkler systems Active and Passive 

Suppression pool design Multilevel passive pools 

Suppression pool water additives Boric acid, sodium thiosulfate, and 
potassium hydroxide 

Aggregate volume of suppression pools -780 rn3 

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 

0.038 MPa (5.5 psi/water head of 
13 ft) 

100 S 
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SECONDARY 
CO NTA I N M E NT 

P R I MARY C 0 NTA I M M E NT 

STEAM GENERATOR 

PRESSURE TO INITIATE VACUUM = 
MAXIMUM VACUUM = a A H  

PRESSURE TO INITIATE VACUUM = aAH 
MAXIMUM VACUUM DEPENDS ON 
VALVE RELIABILITY 

Fig. 1. Current designs for generating vacuum with suppression pools. 
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STEAM 
GENERATOfi  -- 

~ ~ 

Fig. 2. Alternative suppression pool arrangements. 
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ABOVE BUBBLER/ 
CONDENSER UNITS 

SHAFT TO BUBBLER/ 
CONDENSER UNITS 

BUBBLER/CONDENSERS 

STEAM GENERATOR 

REACTOR 

Fig. 4. Schematic of bubbler/condenser containment concept (elevation view) in 
Soviet VVER-440, model V213 reactors. 
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Functional Reauirement: Level 3.1.2: Control Energy in Containment 
Level 3.2: Trap Radionuclides 

Safety T m :  Passive 

Developmental Status: 3 Evaluated 

Reactor T v P ~ :  Light-water reactor (LWR) 

Organizahin: Multiple 

ExanipJes of lmulementation: N G ~ C  

Descrintion: A water-coolable core catcher can be used to contain the rnolteii debris 
generated by a nuclcar rcactot core im9tdowni after a postulated reactor accident. The 
priniary function of a core catcher is to retain axid cool the molten core debris and keep the 
debris in a long-term codable geoinctsy to prevent damage to the integrity of the reactor 
containment stmcturees. lnteraction of molten or hot solid core debris with the concrete 
containment smcture may generate explosive gases, overpressurize the containment 
structure, result in accelerated aerosol prodiiction, enhance heat transport to containment 
stauctucs, and could ultimately breach tkLe primary containment and release radioactive 
debris to the environment. 

The two main types of corc rctcntion xnateffids that have beexi 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 a118 dissipate the heat. Refractory 
materials, suck 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 cnaciblc. The retention inatcrials can be formed hito bricks, 
cast as a solid crucible, or layered in various fashions in a particle bed, Many proposcd 
designs place the core catcher oilbside and underneath the pressure vessel, yet inside the 
primary containment building, but dcsigns have becn proposed that place the core catcher 
within the pressure vessel (see Alternate Versions). 

A typical water coolable core catcher i s  showxi in Fig. 1 .  Many designs for particle-bed 
core catchers have been proposed and offer advantagcs OVCT other designs. P 
have a lower overall thennal 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 coriiposition to address different dcsign criteria. For example, the top 
layer of a particle bed is often coiiiposed of large particles (1-3 cm) of high-heat-~esistat 
material (such as Tl-102) to allow rapid penetration and siibseqenent dilution of molten core 
materials. These large pmiclcs also prcmxt the top layer from being expelled from the 
catcher by a high velocity stream from the initial breach of tlne vessel. Middle layers of 
sirnilar heat resistant materials are usually composed of small particles (- 1 mm) in order 
to contain the molten core using surface tension effects and conduceion freezing. Bottom 
layers usually contain much larger panicles to allow for passage of coolant around the 
trapped core debris. Alumina has been used as a bottom layer where tlxe inore costly, heat 
resistant materials are riot required. 
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Other designs have proposed homogeneous particle beds composed only of graphite. If 
axial particle-size variation is undesirable, another option4 is to use stick-like pdphite 
pieces to enhance the top layer's resistance to expulsion by high pressure streams and yet 
retain the ability to frap the molten core. 

The initial trapping of the molten core is the first stage of operation of a core catcher. It 
has been shown134 that cooling water has no effect 
penetratbn rate of the molten core debris and may be undesirdble in the initial stage of core 
debris and catcher contact. In the second stage of core catcher operation, after the initial 
trapping of the molten core, heat buildup in the catcher materials will result in remelting of 
the debris and fkrther 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: Tempramre 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 s u m q  
of the results is given in Fig. 2,7 which shows the mass fracticpra of radionuclides released 
to containment as a function of time after core meltdown. Releases are shown with and 
without water under the pressure vessel. It can be seen that flooding the core catcher with 
water reduces the releases of a number of radionuclides, 

the initial penetration depth or 

Alternative wic nb -: The core catcher described in Ref. 5 is referred to as a collecting 
tray. This tray, placed underneath the core and inside the pressure vessel, is a conical- 
shaped container with a number of attached heat pipes that allow cooling of the core 
debris, At the base on the inside of the pressure vessel wall is an attached skirt to direct 
molten core debris into the collecting tray. Cmling is totally passive by natural 
convection. The tray has been proposed for PWX, B WR, and Liquid-Metal Fast Breeder 
Reactor designs. The tray and coaling pipes would be amanged to ensure that the molten 
core would not fomi a critical mass. 

Status of TecIanolo~y: Small-scale and prototype demonstrations on sacrificial and 
refrxctory core catcher rriaterials have been gerfomed. Models have been developed to 
extrapolate experimental. results to ~-eactor-scall: core catcher devices. Use of reactor core 
catchers has been proposed €or future European reactor designs36. 

-: 1. Damage to the primary coiminment structure:, and in some designs the 
pressure vessel, is prevented. 

2. Radionuclide releases to containment after core meltdown we reduced. 
3 .  NQ moving mechanical components are required, 
4. Cooling is totally passive, 

Addi ti m a l  Rea uirernents : None 

Comments: None 

References : 

1. J. D. Fish, M. Pilch, E;. E. Arellano, "Demonstraiion of Passively-Cooled Particle- 
Bed Core Retention," Proceedings of the L.M,F.B.W. Safety Topical Meetinq, 
Lvon-Ecully. France. July 19-23, 1982, American Nuclear Society, Vol. 3, 
pp. 327-36. 
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2. 

3. 

4. 

5. 

6. 

7. 

D. A. Powers, "A Survey of Melt Interactions with Core Retention Material," 

Seattle. WA, August 19-23. 1979, American Nuclear Society,Vol. 1, py. 379-88. 

L, Fogelstrom (Vasteras, Sweden) and M. Simon ('Federal Republic of Germany), 
"Development Trends in the Area of Light-Water Reactors," Atornwirtschaft, 
AugusUSeptember, 1988, pg. 423-426: ORNLRR-88/38, Oak Ridge National 
Laboratory. Oak Ridge, 'Tennessee (1988). 

M. J. Driscoll and F. L. Bowman, Core Catc her for Nuclear Reactor Core 
Meltdown Containment, United States Patent No. 4,113,560 (September 12, 1978). 

D. Broadley, Collecting Tray for Nuclear Reactor Core Debris, United Kingdom 
Patent Office, London Patent No. 1 464 425, (February 16, 1977). 

R. Adinolfi and L. Noviello, "Passive Systems Considerations for Light-Water 
Reactors," 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. 

H. P. Nourbakhsh, N. Khatib-Rahbar, and R, E. Davis, Fission Product Release 
Characteristics Into Containment Under Desim Basis and $e vere Accident 
Conditions, NUREG/CR-488 1 (BNL-NUREG-52059) (March 1988). 

dateKomniler: April 1989mJW 
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TITLE: CONTAINMENT PRESSURE CONTROL BY PRESSURE: 
ACTIVATED WATER SPRINKLERS 

Functional Reauirement: Level 3.1.2 Control Energy in Containment 
Level 3.2: Trap Radionuclides 

$afetv Type: Passive 

Developmental Status: 1 Commercial 

Reactor T m :  Light-Water Reactor (LWR) 

Organization: Vendor (Canada and USSR) 

Examples of Imolementatiory 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 NCS in Ontario, Canada. 

Descriution: 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 
rapidly 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 k,,m vented. Sprinklers also 
provide a secondary function: they wash out radionuclides in the containment 
environment. Sprinkler operation can be initiated by pressure difference, pressure pulse, 
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.l223 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 the upper vacuum chamber is normally pumped down to 1.5 Wa. 
If an LOCA occurs, the sudden rise in pressure in the main vacuum chamber pushes cold 
water in the 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 sealed sprinkler water tank. 
The steam 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 the containment, the containment 
pressure begins to drop. At this time, the higher pressure in the sealed water tank pushes 
water into the sprinkler siphon and sprinkler action is initiated. Once the siphon starts 
operation, the sprinkler continues until the water tank is empty. 

Other methods 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 the resultant steam-air mixture is pushed backwards through the sprinkler system 
and siphon into the sealed sprinkler water tank. The normal siphon rapidly pressurizes the 
gas volume in the spririkler tank. In contrast, the second siphon contains a large gas 
volume and a throttle. Steam condenses in the gas volume and the pressure rise is very 
slow in this siphon. As a consequence, this siphon has a lower pressure than either the 
containment or the water tank. The higher gas pressure in the water tank pushes water into 
the siphon, initiating operation of the sprinkler. The sprinkler lowers containment 
pressure, which forces operation of the first siphon. The pressure-rise activation sprinklers 
in Fig. 3c operate in a similar fashion. 

Alternative Version: None 

Status of Technology: Passive water sprinklers are in use in Canadian CANDU reactors 
and certain Soviet LWRs. Details of the Soviet designs are not currently available. 

A d v a n t w :  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 Reauirements: None 

Comments: None 

References/ContactS: 

1. 

2. 

3. 

4. 

2. 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, H, Concrete and 
Concrete Structures, Lausanne, August 17-21, 1987. 

W. W. Koziak, "Bruce-B NGS - Containment Commissioning Test," Nuclear 
Studies and Safety Department, Ontario Hydro, Toronto, Ontario, Canada, 
(October 19 8 3). 

J, Huterer, D. G. Brown, M. A. Osman, and E. C. Ha, "Pressure Relief Structures 
of Multi-unit CANDU Nuclear Power Plants," Nuclear EneineerinP and Des ign. 100, 
21-39 (1987). 

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 Conseaue nces of Loss-of-Coolant Accident at Nuc lear Power 
Station, U.S. Patent 4,362,693 (Dec. 7, 1982). 

Undate/ComDiler: Feb. 1989/lUP 
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ACTIVATION 

Fig. 1. Schematic of passive-pressure-activated sprinkler systems. 
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Fig. 2. Vacuum building dousing system. 
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Functional Reauiren.isr?i: Level 3-12  Control Energy Relcase Into Containamt 
Level 3.2 Trap Radionuclides 

Safety Type": Passive 

DevelorPiriental Status: 2 Demonstrated 

Reactor ' k ~ e :  Light-Water Reactor (LWR) 

Organizadcxx: Industrial (Multiple) 

E x a m p l ~ ~ . . ~ l e m e n t ~ t i ~ ~ ~  None 

DescPiufion: Water spriiiklers can be used to suppress nntaiwmmt overpressure after a 
postulated loss-of-coolant accident @OCA). 'Ihe sprhddcr system's p r h i a q  function is 
to rapidly cool and conc-lr-nse Bne steam-air mixture, thus acting as a passive h a t  si& to 
absorb the released energy. Water drawn from an emergency stomgc tank (located above 
the sprinklers and drained by gravity) can act as the heat siink as it is sprayed into the 
cori~prtnient or building to which the steam-ak mixture has been vented. Spaidders can 
also provide other functions: they washout radionuclides in the containment environment 
and may be used eo flood the area below the pressure vessel in a postulated core melt 
accident to prevent loss of containment, 

Sprinkling systems can be passively activated by the ambient tcmpcrature. iFhere are 
several types of temperaturesensitive automatic sprinklers used in buildings for fire 
protection (see Fig. 1).1 Under nomd conditions, the discharge of water from an 
automatic sprinkler is restrained by a cap or valve held tightly against the orifice by a 
system of levers and links pressing down on the cap and anchored fmmly by smts on the 
sprinkler, The C O K R ~ O ~  fusible-link automatic sprinkler operates upon the Rising of a 
metal alloy with a predetemined melting poiant. The €rangible-bulb sprinkler has a small 
glass bulb operating element. The bulb contains a liquid that $(pes not completely fill the 
bulb, as there is a small gas bubble entrapped in it. When the bulb is heated, the gas is 
absorbed by the liquid. Then the pressure rises rapidly and the bulb shatters, releasing the 
valve cap. The cxact operating temperamre is regulated by adjusting the amount of liquid 
and the size of the bubble when the bulb is sealed. The frangible-pellet sprinkler has 
either a pellet of solder or other eutectic metal under compression that melts at a 
predetermined temperature and allows movement of the releasing clenients. Automatic 
sprinklers have various temperature ratings that a m  based OIZ standx&zd tests, The 
maximum safe room tempermire i s  closer to the operating temperature for bulb and fusible 
pellet sprinklers tEnm for sprinklers having solclered fusible elements. Solder begins to 
lose i t s  strength somewhat below its actual nnelting point. National. Fire RotXtion 
Association sprinkler standards arc listed irr Table 1. 

Alter-nat iv .eVg~jj i~ Each of the tenip~~ature-sensitive automatic sprinlklers shown in 
Fig. 1 will initiate a continuous discharge of water, If an intemptable glow of water is 
desired, developrnient 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: Automatic temperature-sensitive sprinkler systems have been used 
by the building industry for fire protection for many decades, but have not been used in 
reactor containments. For the Advanced Boiling-Water Reactor, General Electric is 
planning to use sprinklers to flood the area below the pressure vessel in the event of a core 
melt accident (2) to stop the accident. 

A d v a n t w  : 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. The technology for construction of automatic sprinklers is available. 
4. Sprinklers wash radionuclides from containment atmosphere. 

Additional Reauirements: None 

Comments: A very large industrial experience base exists with this technology. 

PeferencedCo ntacts: 

1. $;ire Protection Ha ndbook , 14th Ed., National Fire Protection Association, Boston, 
Massachusetts (1976). 

2. C. D. Sawyer, private communication to C. W. Forsberg (October 13, 1989). 

~pdatelCompiler: Feb. 1989LRLP 

Table 1. Standard temperature ratings of automatic sprinklers 

Rating Desired operating temps. 
(3 

Max. safe 
ceiling 
temp. 

"F 

ordinary 

Intermediate 

High 

Extra high 

Very extra high 

Very extra high 

Very extra high 

135", 150', la', 165' 

175", 212' 

250", 280°, 286' 

325", 340°, 350a, 360' 

400°, 415" 

450" 

5ooo 

loo" 

150" 

2 2 5 O  

300" 

375" 

425' 

475" 
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( c )  FRANGIBLE-PELLET SPRINKLER : 
Fig. 1. Schematic of temgerature-ac~vated automatic sprinklers. 
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TITLE: CONTAIN 

Safetv TYDG: Passive 

Developme ntal Status: 1 Commwcial 

&actor Tme: Pressurized-Water Reactor (PlVR) 

Orrranization: Vendor ~ e s t i ~ i g h o ~ s ~ ~  

Examdes of Tmplementation: Ice condensers have been 
designed PWR reactors, such as the two-unit, Tennessee 
Nuclear Power Plant. Each of these units is sated at 359 

DescriDtion: An ice condenses can 

condense the steam-air mixture, thus acting as a passive heat sink to absorb the released 
energy. This heat sink, located inside the primdry ~ ~ ~ 1 a ~ n ~ ~ ~ t ~  consists of a suihble 
quantity of borated ice in a cold storage compamzent. 

la a typical application using an ice condenserl2 the c ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~  building is divickd into 
three volumes: a lower volume that houses the reactor and the reactor cwlant system, an 
in terrnediate volume housing the ice condenser, 
the air displaced from the other two volumes du 

The ice bed, which is the heat sink of the ice csndenser, is a ~~~~~~~~~~~ end 
compartment located around the perimeter of the upper  COT^ 
11 penetrates the operating deck so that a portion extends in 
containment (see Fig. 2).  The lower portion has a 
atmosphere of the lower containment c o ~ ~ ~ ~ ~ ~ ~ ~ t  
during normal plant operation . At the top of the i 
exposed to the atmosphere of die upper c ~ r n ~ ~ ~ ~ ~ ~ ~  whlicli remain closed during nornial 
plant operation. 

The ice is held within the ice condenser in baskcis that are axranged to promote hea 
transfer from the steam to the ice. A refrigeration system m ns the ice severdl 
below the freezing temperature, and insulation ~ ~ r r ~ ~ n ~ ~ ~ ~  ice: baskets and 
refrigemtion diicts serves to minimize the heat condriceiasl through the ice condenser 
enclosure. 

postulated loss-of-coolant accident m a y  f11nction i s  to rapidly c;ml and 

In the event of an L -steam system mpture, 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 stearn 
to flow from the lower compartment into the ice conclenser. 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 c ~ ~ ~ 1 ~ ~ ~ ~ e ~ ~ -  The steam is 
condensed in the ice condenser compartment, thus limiting the peak p~sessure in the 
containment. Condensation of steam within the ice condenses results in a flow of steam 
from the lower compartment to the condensing S L I I ~ ~ C ~  of the ice, thus  educing the time 
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that the containment is at an elevated pressure. The dividing bmrcr separates uppcr and 
lower compartments and ensures hkat the steam is cli~ccted into the: bottom of the ice 
condenser. 

The ice is made in ice machines that are installed in an auxiliary brilding. It is gmemted in 
flake form for ease in handling and is moved i ~ t o  the containment vcssd thrwgh a 
normally closed penetration by a pneumatic conveyi~g system. The system fwds ice EO a 
loading head, which is positioned by the bridge mmc, through i-cmovable tubes in the 
plenum. The ice condenser dcsign parameters for TVA's \Va;ts Bar nuclear power station 
(now tinder construction) are shown in Table 1. 

Alternative Versions; None 

Status of Technology: Ice condensers a e  installed in many ~'es~.rnghc~s~-desigized 
PWRs, including Units 1 and 2 at TVA's Seqt1oya.h Nuclear plant, which began opera~sa; 
in 1988. 

Advantaces: 1. Containment overpressures due to an LBCA arc: reduced within a fccw 
minutes to a few psi, thus reducing the pi-&ability of fission product 
release from containment, 
The ice condenser performance i s  only slightly sensitive to blowdowrl 
rate and blowdown energy within the ranges of iwterect. 
Large reductions in heat transfer S ~ J I ~ Z ~  arm of thc ice do not 
significantly affect ice condenser pefiorma~cc, 
Using ice as a heat sink instead of water is rnorc mass-effieicn: 
because melting ice requires an extra 79.7 calJg. 
'1The ice condenser is a static device, does not require a y  power 
source, arid its operation during an accident does not depeid upoii the 
functioning of any other systems. 

2. 

3.  

4. 

5 .  

Additional Requirements: None 

Comments: None 

1. Preliminary Safetv Analvsis Report, Sequoyah Nucieat- Plant, 'Tennessee Vdlcy 
Authority, Docket-50327-- 1, Volume 1 (1968). 

2. Preliminary Safety Analysis Report, Watts Bar Nuclear Plant, Tennessee Valley 
Authority, Docket-50390--3, Volume 2 (197 1). 



Design Energy Release to Con 
Initial blowdown mass release, Ib 
Initial blowdown energy release, Btu 
Allowaim for -m&fitied energy release 
in addition to core residual heal, Btu 

Reactor Conlainnlent Vol~me (net free volmc) 
upper Compartment, &3 
Ice Condenser, rtJ 

i.ower Comparmmt (active), f 8  
Total Active Volume, ft3 

Reactor Con-eslt Air Compression Ibt i io*  

Ice Condenser parameters 
Weight of ice in condenser, lb 

Dimensions of ice condenser 
OD., ft 
I.D., ft 
Average length, It. 
Depth (less insulation panels), ft 
Ice bed height, ft 
Inlet door flow area, ft2 
Ice condenser flow m a ,  ft2 

Xce condenser inlet door opening pressure, lb/ft2 
Ice boron concentration, pprn boron 

Refrigeration cooling capacity 
Installed cooling capacity for ccmpxanent, tons 
Maximum compartment heat gain, tom 
Total cooling capacity for plant, tons 
(Capacity shared by &wo units) 

3596 

sox B 

98,930 
1.243 x 106 

1.43 

2.45 x 106 

115 
89 

267 

11 
48 

1000 
1326 

1 .Q 
2000 

so 
35 

150 

*Defined as (Total Aclive Volurne)+('Upper Compartment Vollurne plus 0.645 x Ice 
Condenser Volume). 
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Fig. 1. Interior design of primary containment vessel. 
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Fig. 2. General arrangement of ice condenser. 
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: Light-water reactor (LWR) 

m n i z a t i m :  Vendor jB&W) and National I,abowtmy (Oak Ridge National Laboratory) 

DescrktiQQ: In a pustulated reactor accident, such as n loss-of-coolant accident (LOCA), 
large quantities of s t e m  and other gases are generated that may threaten containment 
integrity by overpressurization of containment, To prtptect the reactor containment, heat 
must be removed from the containment atmosphere to condense s tem and c 
gases. 

Containment atmosphem cooling can be done by transferring heat from containment to 
the environment (multiple methods are described in this report) or by using the beat 
capacity of the qaxipment and carataintnerrt structures to adsorb heat.192 All reactor 
containment systems use both approaches bo coal containment gases. 

Radioactive decay heat &creases rapidly with t b c ;  thus, if the heat capacity of the reactor 
smciure can absorb heat quickly, the size of the containnient cooling system needed to 
dump heat to tpmc environment ran be small, At sufficiently low rates of decay heat 
renioval from containment to ~ ~ V ~ ~ Q I U I X  I, the hear can be conducted through containment 
walls. For a typical 1000 MVf(e) pres-essu~d-water reactor ( P W ) ,  the heat capacity of 
20% of the power plant concrete, iF heated to 5OT, equals 800 MWh. This is sufficient 
heat capacity to absorb total nuclear decay heat for ~ Q W S  after a po~till~it~d reactor 
accident, 

The actual heat absorbed by the heat capacity of the facility depends upon the particular 
facility design, X t l  many cases, muck of the containmesrt heat capacity is not available. The 
containment is composed of many reinforced concrete walls from 1 to 8 ft ill thickness. 
Tnne rate of heat conde:ction into these walls is slow, It rakes from 2 to 140 h (see Table 1) 
for the center sf d-rcse walls to reach half the temperatme ~ s c  ~f that on the: surfaces of the 
walls. In practical cases, heat transfer, not heat capacity, limits the l i s t  Q€ building heat 
capacity to absorb heat. 

mgnative V ~ S ~ . Q S ~ ~ S :  A number of design innovati~ns have beeten proposed io beiter 
utilize the heat capacity of the facility by improving heat tmnsfer frwi1 containment 
atmosphere to co~ttairrmcnt smctmcs. Two exaniples are desc.;;be,d herein: 

1. Improved &at Transfer with Mass CQ~CI-C:~ 

Heat tlansfer 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 
i p s  going to the surface of the concrete walls, and (3) connecting 

the ~ ~ ~ t t m n s  of the pipe with pipes going to the sur€xe of the concrete wails394. 

'X'he steel pipe provides the structurd strength in the place of the rebar. In the case 
of an accident, hoe air/stem would (1) enter the tops of the pipes, (2) be cooled by 
the cold concrete., and (3) exit as an aidwater mixture from the bottom openings in 
the pipe. in effect, there would be natural circulation flow of gases through the 
tubing, with hot gases ermring at the top and cool gases leaving at the bottom. 

ith this approach, all walls appear to be thin with respect to heat conduction. 
Iriskead s f  heat being conductled though 1 to 4 ft of concrete to reach the center of 

it needs to be conducted through less than a foot of concrete. This results 
ccwhg of containment air by heating of ahe concrete. 

'13iere is some relevant experience in a related field that uses a somewhat similar 
~e~~~~~~~~ In bailding very large dams such as Glen Canyon Dam (concrete > 
15-m ~ ~ ~ ~ c ~ ~ ,  it is necessary to ~ ~ n t s o l  concrete retnperatures while the concrete 
cures to obtain the desired strength. This is done by embedding piping in the 
c o o ~ c ~ t e  md. p u n i p g  cold water through the tubing to control the temperature as 
the concrete c9ilres. The tubing acts as both a short-term coaling coil and a long- 
tcm rebar in the concrete. 

For some ~ ~ ~ ~ n c ~ ~  reactors, it has been proposed to include gravel beds within 
~ ~ ~ t a ~ ~ ~ e ~ t  to condense steam after an accidene.5 Figure 2 shows the Babcwk and 

ilcsx lis-600 BWR conceptual design. In this design, gravel beds surround the 
psrrnary reactor system, Gravel size is chosen to maximize heat transfer and allow 

of any escaping steam. The gravel beds can serve multiple 
e steam, trap radionuclides, and provide radiation shielding of 

ond 
es, 

* 

le p n m q  system, 

A d v a z t a ~ r  1. nt safety fourad in all reactors. 
2.1 rple approaches exist to upgrade the capabilities of building heat 

capacity to cool c o n t k w n t  air. 

c~imr~rents: Several studies have been done on the heat capacity effects of building 
stralctures on ~ ~ ~ n ~ . ~ ~ ~ ~ i e n ~  temperatme control. Only limited work has been done on how 
to further augment this phenomena. For small reactors, available heat capacity is 
sufficient to coo1 conrairnment. As the zactor becomes larger in size, this is no longer 
true because internal containment surface areas for heat transfer are less per unit of power 
orstpur for larger rcacmrs. 

1. 1. EbaraZa md T. ukkola, "'Passive Safety Features in VVEK-4.40 Type Plant 
Design for Finland," MEA Technical Committee Meea 
Features in Current and Future Water-Cooled Reactors, Moscow, USSR, 
March 21-24, 1989. 

on Passive Safety 
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2 P. S. Ayyaswatuy, J. N. Chung, and K. K. Niyogi, ''I<eactor Containment Heat 
Removal by Passive Hcat Sinks Following A Loss-of-Coolant Accident," Nuclear 
khl~~jm, 33, p. 245 (May 1977). 

3. C.  W. Forsbzrg, "Report of Possiblc 'Invcnrion or Discovery: Passive Short-Term 
Cooling for Nuc1ca.r Reactor Coiitaiiimerat," Martiii Maricata Energy Systems, hc.; 
Oak Ridge National Laboratory (Oct. 8, 1387). 

4. U.S. Bureau sf Reclamation, I&ig~..~f Arch Dat~~s.;-.._T)esign Manual for Concrete 
m l a w ,  U.S. Eepument of the Interior, 1977. 

5. International Atomic Energy Agency, &&us of Adyaficed Tech~~.oloc?y and Design 
for~.~atg-- C o o ~ & . e . a ~ s :  LiyhpNater Rea@.szrs,, IAEA-W,CDOC-4-79 (1 988). 

6. G. E. Kulymych anci J. E, I,emon, "Babcock rand Wilcox Advanced PWR 
Development," Nuclear Europq, 4, p. 17 (1986). 

2<,1 
8.5 
19.1 
33.9 
53.0 
76.3 
104.0 
136.0 
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_I_- TITLE: I[G,ATP ES FOR REACTOR C 
a R  REACTOR GORE DECAY HEAT REMOVAL 

FunctionaJJ&equ irements: Level 1.2.3 Transport Heat to Ultimate Heat Sink 

safety T m :  Passive 

Level 3.1.2 Control Energy in Containment 

: 2 Demonstrated 

Reactor Type: Eight -Water Reactor (L 

Qreanization: University (University of California) 

E x m ~ l e s  of Tmglementation: None 

Description: Heat pipes are devices that transfer heat from one portion of a sealed pipe to 
another portion by a process of evaporation and condensation using a circulating fluid 
(See Fig. la>.l 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 the 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 h r n  the condenser section to the 
evaporator section of the heat pipe by capillary forces through. a porous wick andor by 
gravity assistance. When the heat sink is parallel cx below the heat source, wick action is 
used t~ move the liquid from the condenser to the evaporator section (see Fig4 1 b). The 
preferred type of wick is a screen-covered surface with sma capillary grooves cut into the 
wall. Gravity-assisted heat pipes, which have the condens above the evaporator, can be 
used whenever the heat source is at or below the heat sink, as shown in Fig. IC. Heat 
transfer is improved by placing fins on the evaporator and condenser surfaces. 

Fm reactor c Q ~ t ~ ~ ~ ~ ~ t  cooling, the evaporator section of the heat pipe must be exposed 
to the ~ ~ ~ t a ~ ~ ~ e ~ ~ t  atmosphere. 
section of a heat pipe: (1) fie e 
and (3) the atnaosphe 
area for the heat pipe 
heat pipe. 

are three possible heat sinks for th 
3 (2) water (see SSC description: 

escribed herein. A water sink requires the smallest surface 
nser section; the earth requires the largest surface m a  for the 

Conceptual designs of reactor contahmmts have been develop using heat pipes for 
containment cmling (see Fig. 2).4 Table 1 s u m n ~ z e s  one of these 
t pipe technology ma.y also be used to remaw decay heat from the reactor 

core or m y  other source of heat inside the reactor contahamen.t. 

Alternative Versions: Heat pipes can be designed to Temove heat only a 
temperature. This is important in LWRs located in colder climates whe 
to remove containment heat in the winter during n ~ m d  operation of the plant. The 
principle of operatian is as follows: the heat pipes are I 
wi11 not condense at the riornial operating temperature. noncondensabk g 
into the condenser section of the heat pipe where it forms a gas plug. This gas 
represents a diffusion barrier to the flowing vapor and shuts off the portion of the 
condenser that it fills. When the vapor temperature arid the c ~ ~ e ~ p o n ~ ~ n g  vapor pressure 

d with a quantity ~f gas that 
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arc increased, such as would O C C U ~  in a reactor accident, the noncondensable gas is 
compressed into a smaller volume. Under such circumstances, more of the condenser 
surface becomes available for heat transfer. 

Heat pipes can be a transport mechanism to an ultimate heat sink for most types of 
erncrgency core cooling system. They are a generic heat rcirioval system where the 
evaporator zone of the heat pipe cat1 be incorporated into any heat exchanger. 

____.-.-I Status of Te-y: Heat pipes have been used for many industrial applications. For 
example, they have been used for over a decade as part of the vertical support system of 
the TiaawAlaska Pipeline. In this application, they were designed to transfer heat from 
the mnka  to the abovegmuud portion of the pipeline. Heat pipes have not been used for 
LWR applications. 

L4dvantages: 1. Heat pipes can be designed to begin removing beat at a preset 
ternpcrature and to operate under specific containment conditions. They 
can be design& to remove any accidental heat load. 

2. Meat pipes have no moving parts and require no external power for 
operation. 

3. Heat transfer systems using heat pipes require two breaks before a failed 
heat pipe would provide a route for escape of containment gases into the 
environment. 

4. The technology for csiastruction of the heat pipes needed for this 
application is available. 

,3dditional Keguirernents: None 

Comments: None 

1. S. W. Chi, Meat Pipe TRem-and Practic3,a Sourcebook, McGraw Hill Book 
Company, New York (1976). 

2. V. C. Mei, Horizontal Ground-Coil Heat Exchanger Theoretical and Experimental 
Analysis, OKNL/CON- 193, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(December 1986). 

3. L. 1-1. Croldish and R. A. Simomelli, mmd=Source and Hydronic Heat Pump 
Market Study, Electric Power Research Institute, EM-6062, November, 1988 

4. A. A. Ahrnad, 1. Catton, ct al., m3Jevere Accident Delineation and Assessment, 
NUREG/CK-2666 (UCILA-ENG-8284), University of California, Los Angeles, 
California (January 1983). 

IJpdate/Compiler: Dec. 1988/RLHP 

2 of 5 



11-69 

Table 1. Conceptual design of a heat-pipe-cooled containment building 

Parameter Value 

Reactor type 
Reactor power 
Total heat rejection rate 
Heat sink 
External containment conditions 

Ambient air temperatun: 
Wind velocity 

Internal containment conditions 
Tempenitwe 
Atmosphere 

Air 
Water (steam) 

Total heat pipe containment penemtion area 
Number of heat pipes 
Design 
Heat pipe characteristics 

Fluid 
Vapor temperature 
Material of construction 
Pipe dimensions 

Inside diameter 
Wall thickness 
Evaporator Length 
Condenser length 

Evaporation fin characteristics 
Number of fins 
Material of construction 
Rectangular fin dimensions 

Length 
Height 
Thickness 

Condenser fin characteristics 
Fin Frequency 
Material of construction 
Annular fin dimensions 

Outside diameter 
Inside diameter 
Thickness 

PWIX 
3000 MW(t) 
22.5 MW(t) (0.75% of full power) 
Air 

25OC 
3 4 s  

136OC (47 psi steam) 

20% 
80% 
1 m2 
100 
SeeFig. IC 

Water plus noncondensible gas 
1oooc 
Austenitic steel (Type 304 SS> 

11.3 crn 
3mm 
13.3 m 
11.35 m 

36 
Aluminum 

13.3 m 
3.73 cm 
5mm 

1.5 fins/cm 
Aluminum 

34 cm 
11.9 cm 
2.5 mrn 
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Fig. 2. Overall schematic of a LWR passive heat removal system based on air- 
cooled gravity assisted heat pipes. 
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L)eo,,- aL&iion. :'" ___. A high ke :~ t  coriduction reactor containment cooling system can provide an -___ 
ultiliiatr !ILL sink to mmove heat from containment after a postulated reactor accident. 
? ' i l k  heIps ~ S S U I  z rot ttairrinerpt integrity by lowering containment temperahires and by 
TeiliiLiiIg currtaiiiment prcssure. Containment pressure reduction occurs by both 
coiidmwwn 01' steam a d  cooling of noncandensable gases. 

AI! COil&iifiiC"Tti; hsc. heat by heat conduction from the inside of the containment to the 
atii~i~spli~ib. hl ~ i i i d l ~ i  rex-mrs (several hundred megawatts), this is sufficient to cool 

liierii &CI 3 postulated reactor accident. As power reactor size increases, the 
surf:tc~ a r m  nf the comitiinent for typical designs does not increase as rapidly as the 
~-CBC:CT p w e r  L-vd :i kor larger reactors, either other methods of reactor containment 
cooliiig rnust t c  Llseci ur ihc i-cactoi- containment design must be niodified to maximize heat 
ti;liixfer fT<ii i i  cm-mintnenr to entiionmcnt. Several methods to enhance containment 
cooling hy h a t  cundiiction tlirough the containment have been proposed. 

- 

ivc .r&d io ci;hai-ice containment cooling is to fabricate the containment 
SLilrLiUlC OLil of d Iliait' 
ne::;liic (:oil1 ainnient h i 1  u c m e  with natural cotivection air cooling has been considered for 

with a high themall conductivity such as a steel. The use of a 

oi- dcsignsl. some early reactors2 also Iiad containments where significant 
heat *;JCX i-cini\cd by natural air circulation over a steel containment. For 

c ~ ; t t ~ ~ p k ,  M i a : .  Paint i has a sphe6eal steel containment with an external concrete 
biological diLcLi. 1 tins annulus is vented to a stack with good natural &aft cooling. 

A second me:liotl f o I  use with concrete containments is to take advantage of the variation 
in thc thcrit!:il c-ordiictivity of coiicrete with composition to build a containnient s'tructure 

;Lt~ill l.[jiidii&vity. Improvements in the thermal propexties of concrete are 
possible b j  iht: LI x iii lilciallic materials and other special aggregates. 

- 

4 n  examid- c ~ f  ;i passive containment cooling system is shown in figure 1. Air inlet vcnts 
Chi, :op of t k  shkld building dinxt air around the baffles and over the metal 

a i i i i i i eE i  ;o i l c l i i>f i i -  thz hcnt- from the reactor containment to the environment as shown 
in figure 1. 'l'iic .-vstciii is desigfied to operate by natural convective flow of the air. 

  it load on the containment will be high. This hcat load 
01 i ien Kn coiitaiirtnent cooling can be increascd 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. 
The water spray provides adchtional steel containment shell cooling by evaporation of 
water on the steel containment shell lowering its temperature early in a postukated 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. Varioiis techniques exist to activate such sprinkler systems. 

Alternative Version: hlany 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. 

,4dditional Reauirements: 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 surhce area exists to 
passively cool the containnient 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 IIeat Sinks Following a Loss-of-Coolant Accident," Nuclear 
Technology, Vol. 33, Pg. 243-247, Way 1977, 

UpdateJCom~iIer: May 1989jW;IK 
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CHAPTER 12 

Structures, Systems and 
Components to Trap Radionuclides 

Function 3.2 
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Table 12.1 Structures, Systems and Cornpsncnts to Trap 
Radionuclides: Function 3.2 

Descri~tion Title 

Metal Pressure Vessel in Pool 

Cooling Ponds 

Vacuum Containment 

Passive Hard Vacuum Containment System 

Containment Pressure Control-Suppression Pools 
and Bubbler Condensers 

Water-Codable Core Catcher 

Containment Ressure Control by Pressure Activated 
Water Sprinklers 

Temperature Activated Water Spi-mkkx=s for Steam 
Condensation and Accident Mitigation 

WaterIS team in Post-Accident Environment 

In-Containment Post-Accident Water Collection 

Core Melt Source Term Reduction System 
(COMS ORs) 

FllPlCtiOn 

3.2, 

3.2 

3.2, 

3.2 

3.2 

3.2 

3.2 

3.2 

3.2 

3.2 

3.2 

Location of 
DesciiEtb .. . . ._. . 

Chapter 4 

Chapter 6 

Chapter 11 

Chapter 11 

Chapter 11 

Chapter 11 

Chapter 11 

Chapter 11 

Chapter 12 

Chapter 12 

Chapter 12 

PaRe 
6-38 

6-95 

11-19 

1 1-24 

1 1-29 

1 1-44 

11-49 

11-54 
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TITLE: WATEWSTEAM IN POST-ACCIDENT ENVIRONMENT 

Functional ReuuiremenQ: 3.2 Trap Radionuclides 

Safety 'Tync;: Inherent 

Developmental Statu : 1 Commercial 

Reactor Type: Light-water reactor (LWR) 

Organization: Multiple 

Examples of Iniplementatioq: All LWRs 

Description: In a postulated reactor accident, the release of radionuclides from the core to 
containment depends upon the local environment. In a water-cooled reactor, the post- 
accident environment will contain steam and water. The accident at Tfiree Mile Island 
(TMQ and experiments since then indicate that the presence of water in 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 iriclude 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 
TM? accident, where the mdionuclide releases to the environment from the 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 LLVRs. 
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. 

-1 Commercial 

Advaniaeres: Inherent characteristic of LWR 

Additional Requirements: None 

Comments: Water in containment reduces the source term; but, if there is insufficient 
containment cooling, the water is converted to steam and can aver pressurize the 
containment. 

WeferencesKon tac tS: 

1. E;. J. Rahn, The LWR Aerosol Containment Experiments (LACE) Proiea, Electric 
Power Research Institute, NP-6094D, November, 1988. 
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2. 

3. 

4. 

5. 

6. 

7. 

8. 

American Nuclear Society, "Transactions: International Conference on Nuclear 
Fission: Fifty Years of Progress in Energy Security and Topical Meeting on TMI - 2 
Accident: Materials Behavior and Plant Recovery Techrmology," 2, Oct. 30 - 
Nov. 4, 1988, Washington, D.C. 

M. F. Osborne, J. L. Collins, and R. A. Lorenz, "Experimental Studies of Fission 
Product Release from Commercial Light-Water Reactor Fuel Under Accident 
Conditions," Nucl, Techd., a, 157 (Aug. 1987). 

J. Jokiniemi, "The Growth of Hygroscopic Particles During Severe Core Melt 
Accidents," Nucl. Techol., u, 16 (Oct. 1988). 

M. F. Albert, J. S .  Watson, and R. P. Wichner, "The Adsorption of Gaseous 
Iodine by Water Droplets," Nucl. Technol., 22, 161 (May 1987). 

A. W. Cronenberg and D. J. Osetek, "Reaction Kinetics of Iodine and Cesium in 
Steam/Hydrogen Mixtures," Fucl. Technol., 81, 347 (June 1988). 

R. D. Spence and A. L. Wright, "The Importance of Fission Pmoduction/Aerosol 
hteractions in Reactor Accident Calculations," Nucl. Technol., 22, 150 (May 1987). 

Nucl. Technol, (Entire issue), 3, (May 1981). 

Ypdate/Comuiler: May 1989/CWF 
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TITLE: IN-CONTAINMENT FOST-ACCDEHT WATER COLLECTION 

Functional Requirements: 3.1.2 Control Energy in Containment 
3.2 Trap Radionuclides 
1.2.2 Maintain COE Coolant Makeup 

Safetv TvDe: Passive 

Developme ntal Statu : 1 Commercial 

Relactar Tvy: Light-water reactor (i-wR) 

manizariory Vendors 

Examples of Implementation: This system exists in many reactors. Tn many cases, it was 
not designed as a safety system but later was recognized as a desirable design feature. 

Description: A convdinment post-accident water collection system is designed to collect 
water that is in containment after an accident and is used for emergency core cooling and 
accident mitigation. In a postulated LWR accident, water and steani wodd fil the 
contairiment. Much of the steam would condense to water due to condensation on cool 
surfaces and f?om in-containment ais coolers. Emergency systems such as sprinklers and 
emergency core-cooling systems may add a tional water to containment. 

With appropriate design, this water can 

1 .  Provide a water source for emergency core-cooling systems, 

2. Flood the area below 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 desigri of such a system consists of several se& of components: 

0 Sloping floors, floor trenches, and floor chains divert water on the floors 
anywhere in containment to a central holdup drain rank. 

The Iiolderp drain tank is a relatively small tank which is riormally 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 sinal1 
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-contihm-mt refueling water storage Lank that is 
used as a water source for emergency core-cooli.t~g systems. in a boiling-water 
reactor (B WR), this tank may be the suppression pool in a design such as the 
Mark 111 containment (see: Reactor Containment Systems). The tank is 
nornially €iCilled with water. 

* 
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In a post-accident environment, water from the holdup drain ta& 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 the reactor cavity under the pressure vessel. 

With waterflow from the large water storage tank, the 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 Technoloq: 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 SysteriS. 

Additional Requirements: None 

Comments: None 

References/Contacts: 

1. Electric Power Resexch Institute, Advanced Light-watcr Reactor Requirements 
Document (Draft). 

Upda te/Compiler: July 1989/CWP; 
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Functional Reauirements: - Level 3.2 Trap Radionuciidcs 

Safetv TYDQ: Inherent 

JleveloDme nt Status : 2 (5 ,  See Comments) ~ e ~ 0 ~ ~ ~ ~ ~ ~ ~ ~ ~  

Reactor Tme: Light-Water Reactor (LWR) 

mganization: National Laboratory (Pvlultiple) 

Examules of Imnlementation: See ~ 6 ~ ~ ~ 1 e ~ ~ ~  

gescriotion: Core Melt Source Reduction System ~~~~~-~~~ 
to limit maximum release of aerosols and gases to ccantai~an~ 
accident. If a reactor core meltdown occurs, the mol 
and begin to melt the concrete foundation sbnicture. The cli! 
core/concrete temperatures will determine th 
aerosols generated by the core/concrete in 
generation of gases can pressurize the ~ ~ n t ~ ~ ~ ~ ~ ~ ~  md in 
failure. If containment fails, the quantities of radiioactive 
maximum accident potential. If the containment do 
aerosols and gases in containment will not only slo 
cleanup after an accident. Use of a COMSORS, e i k r  BS I 

selection of appropriate aggregate in the c 
the maximum possible source term ( 
molten core and other materials into 
based on two sets of experimental observations, 

The U.S. Nuclear Regulatory Commission, it 
investigating the physical and chemical mechanisms o 
has included experiments where molten core materials 
types of concrete used in nuclear power piants under IS 
studies show that the quantities of radioactive 
by the molten core/concretc interactions vary 
(see Fig. 1). For example, concrete containing li 
radioactive gas and aerosol generation because t 
temperatures and releases carbon dioxide gases. 
and strips the more volatile fission products fro 
contrast, concrete containing basaltic (volcanic 
large quantities of gases and, hence, releases 1 
atmosphere when reacting with core melt materials, 

2 There are major programs in the United States, Europe, 
of I-ILW from reprocessing plants into stable, law-le 
requirements to solidify HLW.5 The glass must ~r~~~~~~~~~~~~ rim 
fission products into a stable chemical fo1-111. 
and minimize generation of radioactive aeros 
Excessive aerosol or gas generation during sol 
operating difficulties and high costs for treatin 
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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 niolten reactor COX meltdown, are 
similar. 

Detailed designs and experimental studies of COMSORS have not been done for LwRs. 
To date, I,wR studies have emphasized "core-catchers," where the objective has been to 
prevent melt-through of molten core through the bottom of the reactor containment. 
COMSORS has this as a subobjective, but includes other objectives. Developmental work 
has been done on COMSORS for gas-cooled fast reactors6 for 1000 MWe power plants. A 
description of the proposed COMSORS for gas-cooled fast reactors is included below to 
provide an understanding of the concept. The design would require modification for 
specific LWR conditions. 

The gas cooled fast reactor is a helium cooled reactor where the helium flows downward 
through a core of stainless steel clad U02. A prestress concrete reactor vessel (PCRV) is 
used. Figure 2 shows the reactor and COMSORS. 

In this specific case, COMSQRS consists of cooling coils in the liner of the reactor vessel, 
a thin layer of graphite, and seven layers of stainless steel boxes filled With borax 
(Na2Y34O7). In a reactor core melt accident, (I) the borax will melt, (2) dissolve uranium 
oxide and fission products to produce a "glass," and (3) absorb large quantities of heat. 
The bosax/uranium oxicie/fission product molten glass (with melting points between 742.5 
and 966OC, depending upon chemical composition) spreads the heat load across the bottom 
of the pressure vessel. This reduces heat fluxes to manageable levels and allows 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 the graphite by 
providing higher temperature barriers. This provides the necessary time for the borax to 
dissolve and dilute the fuel. 

Experimental studies have been conducted on this particular system. For an LWR, the 
preferred material would probably be borax with a mixture of several other glass formers. 
After an accident in an LWR, the probable availability of water used for cooling on top of 
the molten core materials may affect selection of COMSORS materials. 

Alternative Versions: A conceptual description of an advanced COMSORS incorporated 
into the concrete structure is described herein. Under the reactor vessel (Fig. 3), a portion 
of the concrete mat has a specially controlled concrete mat chemical cornposition. The 
concrete contains a mixture of different aggregates. The aggregates are chosen so that 
when the 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 to prevent any possibility of a criticality 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 niinimize aerosol 
generation. 

The depth and width of the concrete mat with the special concrete aggregate is chosen to 
contain the reactor core. A heat balance exists between radioactive decay heat and (1) heat 
needed to melt the concrete and (2) heat conducted out or removed by other mechanisms 
from the molten core/concrete matrix. Eventually, heat conduction out of the waste matrix 
will excced heat generation and the core/csncrete matrix will begin to solidify. The special 
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aggregate concrete mat is sized to exceed the maximum volume of the molten core/concrete 
matrix and the area is chosen to maximize cooling. In particular, the top surface area is 
large enough so that if water is available, it Will cool and solidify the waste matrix if it is 
poured on top of the waste matrix. 

The concrete aggregate is a relatively low-melting aggregate (400-9ooOC). Low melting 
points are desirable for multiple reasons: 

1 A low melting waste matrix will quickly spread the molten core/concrete material over 
a wide area under the reactor. This improves heat transfer and cools the matrix to 
quickly form a solid. 

2 A low melting waste matrix minimizes gas and aerosol generation by two mechanisms. 
First, the rate of release of semivolatile radioactive gases is temperature dependent. 
Lower temperatures imply less gas release. Second, the rate of release of semivolatile 
radioactive gases is dependent on the concentration of those materials in the waste 
matrix. Diluting the core material reduces the fractional release of radioactive 

. materials. 

$tatus of Technolom: Based on experimental evidence, existing concretes have widely 
differing responses if a molten core/concrete interaction occurs. Reactor source terms h m  
coreJconcrete interactions vary widely. Clearly, some existing concretes under reactors are 
preferable to others. The technology can be said to be already applied, although its 
application was unintended. 

For a number of advanced LWRS,~ the use of core-catchers is planned. For example, the 
Asea Brown Boveri-Atom, [a lo00 MWe boiling-water reactor (BWR)], Model BWIR-90, 
incorporates a core-catcher into the design. The above technology is directly applicable. 

There are multiple COMSOR options, such as the specially engineered structures that have 
been proposed for the gas-cooled fast reactor or for modification of concrete aggregate. No 
studies have been done to identify preferred options. 

Advantam: 1, Reduces maximum possible source tern with reduced maximum 
possible accident in the event of reactor meltdown and containment 
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 allow use of lower-cost containment buildings. 

Additional Requixmentg None 

Comments: The historical design basis accident €or 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 the emergency 
core-cooling system worked and there was no core meltdown. After the 
Chernobyl accident, a number of European countries adopted policies that 
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reactor containments should withstand core melt accidents. With these 
regulatory requirements, the core melt accident source term may (but does not 
necessarily) control design of the reactor containment. Under such 
circumstances, there may be large economic incentives to reduce maximum 
accident source terms. 

For advanced LWRs that use PCRVs, this technology may be particularly 
attractive. 

References/Co ntacts: 

1. 

2. 

3. 

4. 

5.  

6.  

7. 

H. P. Nourbakhsh, M. Khatib-Rahbar, and R. E. Davis, Fission Product Release 
Characteristics Into Containment Under Desim Basis and Severe Accident 
Conditions, NUREG/CR-4881 (BNL-NUREG-52059), (March 1988). 

D. A. Powers, "A Survey of Melt Interactions With Core Retention Materials," 
Yrocedinw of the Tnternational Meeting on Fast Reactor Safety Technology, Seattle, 
Washington, August 19-23, 1979. 

A. Skokan and H. Holleck, "Chemical Reactions Between Light -Water Reactor Core 
Melt and Concrete," Nucl. 'Technol., & 255 (Dec. 1979). 

M. Peehs, A. Skokan, and M. Reimann, "The Behavior of Concrete in Contact with 
Molten Corium in the Case of a Hypothetical Core Melt Accident," Nucl. Technol., 46, 
192 @ec. 1979). 

W. G. Wamsey and G. G. Wicks, WIPP/SRL In Situ Tests-Part JJI: Comuositional 
Correlations of MIIT Waste Glasses, DP-1769, August, 1988. 

M. D. Donne, S. Dorner, and G. Schumacher, "Development Work for a Borax 
Internal Core-Catcher for a Gas-Cooled Fast Reactor," Nucl. Technol., 3, 138 
(July 1978). 

L. Fogelstrom and M. Simon, "Development Trends in the Area of Light-Water 
Reactors," Atomwirtschaft, p. 423 (AugJSept. 1988): ORNLJIR-88/38 (1988). 
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Fig. 2. Borax internal core catcher for gas-cooled fast reactor. 
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Components: Other 
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13. STRUCTURES, SYSTEMS, ANT4 COMPONENTS: OTHER 

This chapter includes SSCs of functions that are identified in Fig. 1.3 but are not 

associated with radioactive materials from the reactor core. “lliis includes storage of 

spent fuel at the reactor. Spent fuel is the second ‘largest S O U T C ~  of radioactivity at a 

nuclear plant. The inventories of spent fuel may be sufficient to be the dmiinmt source 

term when the reactor core i s  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 

Location of 
Function Desaiption I-&g 

Chapter 13 13-4 

Chapter 13 13-6 

Chapter 13 13-9 

Chapter 13 13-13 
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TITLE: CONCRETE SHIELDING 

Functional Reauirements: Control direct radiation 

S afetv T w :  Passive 

- DeveloDmen tal S tatuj: 1 Comnmercial 

Reactor Tvpe: Light-water reactor (LWR) 

I Organization: Multiple 

Exam~les of Imdementation: Concrete shielding currently used on all PWRs and RWRs. 

DescriDtion: Reactor shielding in commercial LWRs can be divided into three general 
categories: (1) reactor vessel shielding, (2) secondary shielding enclosing the primary 
coolant system, and (3) biological shielding that forms the reactur building walls and 
tloors and also surrounds the containment building, In boiling-water reactors (BWRs), 
drywell walls and floors serve as secondary shielding. The secotidary and biological 
shields are generally massive concrete walls several feet in thickness. The concrete 
shields, excluding penetrations (which are not considered here), are passive and require 
no external power. 

Since concrete is a mixture of eletnents, its composition can vary. Coiacrete shielding is 
produced using either "ordinary" or "heavy" mixtures. Ordinary concrete is made using 
portland cement; it primarily contains oxygen, and either silicon or calciu 
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 aggegates 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 prwedures, 
has a density of 3 to 6 g/cm39 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 i s  an 
excellent fast neutron attenuator but a poor gamma ray attenuator, and lead is an excellent 
g a m a  ray attenuator but a poor neutron attenuator, concrete, because of its mixture of 
elements, provides useful shielding from both neutrons and giuliiiia radiation. Low cost 
and ease of construction have made it a primary shielding material for csmiercial power 
plants. 

Extensive industry experience with concrete shielding has made it possible to design 
shields that provide the required attenuation in a minitrum volume using analytic and 
semianalytic procedures, experimental data, and comp,wisons to other rcactor and shield 
designs. 
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Alternative Versions: Since there is no "standard" ordinary or heavy concrete composition, 
the 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 secondaq gamma rays. Boron may 
be added to the concrete in the aggregate (i.e., colemanite, pyrex glass, or boron frits), the 
cement, or the mixing water. 

In ordinary concrete, the water used for the neutron shielding is lost at temperatures 
exceeding 2000F. For that reason high temperature concrete was developed where the 
mineral serpentine preserves the hydrated water to temperatures exceeding 9000F. Also at 
high temperatures, lumnite cement is stronger than portland. 

Status of Technology: A mature technology in common use. 

Advantages: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Shielding is passive, requiring no energy OT activating mechanisms. 

Effective attenuator of neutron and gamma radiation. 

Highly reliable and durable. 

Ordinary concrete is relatively inexpensive. 

Adaptable to block or monolithic construction. 

Tolerant of particle bombardment. 

Excellent structural properties - especially useful for containment buildings. 

Additional Reauirements: None 

Comments: None 

ReferencesKontac ts: 

1. N. M. Schaeffer, Reactor Shieldinn for Nuclear Engineers, U.S. Atomic Energy 
Commission, Office of Information Services, TID-2595 1 (1973). 

2, R. 6. Jaeger, E. P. Blizard et al., Enfineering Co mpendium on Radiation 
Shielding, "Shielding Materials- Vol. 2 'I, Springer-Verlag, New York (1975). 

S. Glasstone and A. Sesonske, Nuclear Reactor Engineering, D. Van Nostrand 
Company, Inc., (1967). 

3, 

UpdatdCompiler: April 1989/RziS and GAM 
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TITLE: VAULT (CANYON) STORAGE OF SPENT NUCLEAR IVEL 

Functional Requiremen& Control ~ ~ ~ a t i ~ ~  from Materials and Equipment in Storage 

Safety TWQ: Passive 

Developtnen tal S tam3: 1 Commercial 

Reactor Type: Light-water reactor CWR) 

Organization: Multiple 

Examples of Implementation: A conmercial vault system is being used at the Carolina 
Power and Light Co. 11. B, Robinson Nuclear Power Plant in Hartsville, South Carolina. 
A similar vault system will be used at the Duke Power Company Oconee and the Baltimore 
Gas & Electric Cdvert Cliffs Nuclear Power Plants. The hddiated Fuel 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 the Rover Nuclear 
Rocket Program since 1975. 

Descrintiw: Vault or canyon storage can be used to control the transport of radionuclides 
from spent nuclear fwl to the surrounding environment. The primary function of vault 
storage i s  to provide adequate: barriers to the release of radionuclides while passively 
cooling the spent nuclear fuel. The storage system will also provide radiati 
protect the spent fuel fiom damage, and allow easy retrieval of the spent fuel, 

A vault storage system consists of a sealed metal basket or canister located inside an 
aboveground concrete vault or "canyon." The spent f k l  assemblies are placed in a steel 
basket or canister while under water in the reactor storage pool. The canister is then 
drained, sealed, dried, and leak tested 'fie canister i s  then placed in some type of a 
storage vault or canyon that is usually constructed of steel-reinforced e o n c ~ e ,  

The conmercially available vault system used at the W. B. Robinson Nuclear Power Plant 
is known as the -CIS ZEOPTzonPal Modular Storage: (NkMOMS) system. This 
system, shown in Fig. 1, uses concrete storage modules to contain the stainless steel spent 
fuel canisters. Canisters have been designed. that will hold up to 24 PWR and 48 BWR 
fuel assemblies, The vault i s  designed with adequate air flow passages to provide passive 
convective cooling of the steel canisters. The NUHOMS system can accept fuel with a 
maximum bumup of 35,000 MWd/?vI'PU and a rrainimuni cooling time of 5 years. This 
would result in a maximum acceptable heat load for PWR fuel of approximately 1 
kW/as sembl y. 

Alternative Versions: Several commercial systems are available. 

Status Qf Technolory.: Vault storage of spent fuel has been demonstrated. C o m e K i d  
systems of vardous design arc available. 

Advantageg: 1. The spent fuel can be easily monitored aid retrieved. 
2. Coolirng is passive. 

Additional Reauirernentzr None 
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Comments: The technology is currently being used to 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-reactor storage of 
spent fuel in vaults for aged spent fuel may eliminate the need for spent fuel storage 
ponds. 

We ferencg: 

1. D, I). Orvis, @. Johnson, Is. Jones, Review of Proposed Dry -Storage Co nce _ots 
IJsing Rob abilistic Risk Assessme& Electric Power Research Instirnee, EPRI NP- 
3365, February 1984. 

2. J, Y. Massey, J. M. Rosa, M. Shamszad, S. S .  Wang, and J. A. Maly, "Design of 
a EIorizontal Concrete Module and a Dry Shielded Canister €or Use in an Inradiated 
Fuel Storage System," Proceedings of the Th ird International Spe nt Fuel Storm 
Technology Svnimsium/Vdor kshog, Vol. 2, CONF-860417, NUTECH, Inc., 
$an Jose, California, April 1986. 

3. P. A. Anderson and I-I. S. Meyer, pry Sto rage of S pent Nuclear Fuel: A 
Preiiminiirv Survev of E xistin? Techno lo 
Regulatory Comsllission, NUREG/CR- 12%, April 1980. 

a nd Exmrience, U. S. Nuclear 

: April 1989NVJR 
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TITLE: SEALED CASK STORAGE OF SPENT NUCEAR FlJEL 

Functional Reauirements: Control Radiation from Materials and Equipment in Storage 

Safetv Tvpe: Passive 

Developmental Statu s: 1 Commercial 

Reactor TYpg : Light-water reactor &WR) 

Organization: Multiple 

F,xamoles of ImFlementation: Sealed cask storage is used worldwide. In the United States, 
storage casks are used at the Virginia Electric Power Company's Suny Plant. Canada has 
storage cask facilities for spent CANDU fuel. In West Germany, storage casks are used at 
the Gmleben Monitored Retrievable Storage Facilities. The Gorleben site has a capacity of 
420 casks, with equal size facilities at two other locations. 

Descn 'ption: Sealed cask or silo storage can be used to control the transport of radionuclides 
from spent nuclear fuel to the surrounding environment. The primary function of sealed cask 
storage is to provide adequate barriers to the release of radionuclides while passively cooling 
the spent nuclear fuel. The storage system will also provide radiation shielding, protect the 
spent fuel, and, for certain cask designs, allow off-site shipment 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 rad-transported 
shipping cask, except that a cask storage system places greater emphasis on capacity. Off- 
site transport of the storage casks may be possible by placing the 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 then drained, sealed, dried, and leak tested. Table 1 summarizes the storage and 
storage/transport casks available in the United  state^.^ 
Alternative Versions: Many commercial versions are available (see Table 1). 

-: The technology is commercially available. 

Advantages: 1. Storage cask design can be integmted with shipping cask design. 
2. The spent fuel can be easily monitored and retrieved. 
3. The costs to expand the system are lower than for other 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 technology may be of interest for advanced LWR reactor designs 
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 fuel 
may eliminate the need for spent fuel storage pools. 

ReferencedCon tac ts: 

1. D. D. Orvis, C. Johnson, R. Jones, Review of Prouosed D y S  torape Co nceDu 
Usin? Probabilistic Risk Assessment, Electric Power Research Institute, EPRI 
NP-3365, February 1984. 

2. P. A. Anderson and H. S. Meyer, Dry Storae of Spent Nuc 1earFuel: A h 1  iminag 
Survev of E xisting Technolop -Y and Experience, U. S. Nuclear Regulatory 
Commission, NUREG/CR-1223, April 1980. 

I. E. Wall and Z. S. Beallor, "Management of Irradiated Components from the 
Pickering Units 1,2 Retube," p 17.19, Proceedings of the 6th Annual Conference of 
lhe Canadia n Nuclear Society, ISSN 0227-1907, Ottawa, Canada, 1985, 

3. 

4. E. R. Johnson and K. J. Notz, Shipping and Storage Cask Data for Spent Nuc l e a  m, ORNL/TM-l1008, Oak Ridge National Laboratory, November 1988. 

J. 0. Blomeke, A Review and Analysis of European Industn 'a1 Experience in 

Oak Ridge National Laboratory, June 1988. 

5 
Handling LWR Spent Fuel and Vitrified High-Level Waste , ORNL/TR.I- 10696, 

UDdate/Compiler: April 1989WJR 
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Table 1. Stuage and storageltraqort casks for spmt fuel 

CASTOR TN-EG/ REA- C-EDry NUPAC NUHOMS 
CASTOR-IC Vnl TN-24P TN-24 BRP MC-10 2023 NAC SIT cap cP-9Dh 0708 

CASK TYPE -> Storage 

Capecity (assemblies) 
Inract SF 16 BWK 

Cansolidated fuel rods 21 BWR 

Weight-loaded (tons)a 

Design heat 
rejection &W)a 

Peak clad temp. (9 
Mar'ls. of construction 

Cask body 

Basket 

Neutron shield 

Cavity atmosphere 

Licensing status 

81 

14.4 

36s 

Nodulia 
cast iron 

Basted 
ss 

Polyethy- 
lene 

He 

w 

No. in existence in US. 1 
(ar on d e r )  

Swage 

21 PWR 

42 PWR 

117 

28 

365 

Ncdulsr 
cast iron 

ss/sorarea 
ss 

Polyethy- 
lene 

He 

Liwrstxt 

6 

Storage Storage 
Transpat 

24 PWR 

48 PWR 

100 

20.6 

221 

Forged 
-1 

m 

Resin- 
sides: 
lid-ply- 

He 
PrOpYle~ 

APPM 
for- 
-age 
1 

24 PWR 
52 BWR 
48 PWR 
104 BWR 

100 

24 

375 

SA350, 
Gr. LFl 

S S B ,  
Cu plate 

Polyester 
resin 

NorHe 

Applied 
for 

0 

Transport 

40m 
85 BWRb 

103/98 

5 

375 

Forged 
steel 

ss/B 

N- 

Inat 

Applied 
for- 
Empat  

2 

24 PWR 

48 BWR 

120 

13.5 

336 

Faged 
StaCl 

SS Grid/ 
SS cell 
W M  
plates 

BISCO 
N-3 

Ek! 
LkZMd 

1 

Stuage 

24 PWR 
52 BWR 
48 PWR 
104 B\NR 

98 

44.6 

304 

PblSS 

ss wl 
txxal 
ins- 

Glycol 
andwatt3 

He 

Applied 
f a  

1 

Transpart 

26 PWRf 

56 PWR 
122 BWR 

1M) 

268 

360 

PbiSS 

A1 

BISCO 
NS4FR 

He 

Applied 
fa -  
storage 
1 

SWagel 
Transport 

Storage 

24 PWR 
60BWR 

48 PWR 
100 BWR 

1111113 

24 

355 

Steel 

ss 

BISCO 

Be 
Applied 
f a  

0 

9PWR 

18 PWR 

88 

5.4 

290 

connete 

Steel 

Conrrete/ 
Rx-277 

Inat 

f a  
Appli6.i 

0 

aFor intact fuel aasembia. 

cWeight of canister only - - not concrete aorage module. 
%fas w ,YCI?OMS coliaete storage module. 

ERefers to M O M S  dm. 

g16 kw for b m p  credit varion. 
hApplies for CP-9W. 

W bShort assemblies, double stacked. f3 1 PWR wlbumup credit 
0 
M 
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QRNL DWG 89A-291 
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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 Reauirements: Control. Radiation from Materials and Equipment in Storage 

Safetv Tvpe: Passive 

Develoymentd Status: 1 Commercial 

Peactor T s :  Light-water reactor (LWR) 

Qaanization: Multiple 

es of ImD - lementatl 'on: A large drywell facility exists at the Idaho Chemical 
Processing Plant (ICPP) at the Idaho National Engineering Laboratory. A drywell 
demonstration facility was tested by Rockwell Hanford Operations in the late 1970s. 
Drywell storage has been demonstrated for pressurized-water reactor (PWR) and boiling- 
water reactor (BWR) fuel assemblies at the Nevada Test Site. 

Descrbtion: Drywell or dry caisson storage can be used to control the transport of 
radionuclides from spent nuclear fuel to the surrounding environment. The primary 
function of drywell storage is to provide adequate barriers to the release of radionuclides 
while passively cooling the spent nuclear fuel. The storage system will also provide 
radiation shielding and protect the spent fuel h m  accidental and intentional damage. 
Spent fuel stored in a drywell system will be easily retrievable. 

A typical drywell storage systeml.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 then placed in the underground caisson as shown in Fig. 1.1 
Next, a shielding plug is fitted above the fuel assembly overpack. Then, a steel or 
concrete cover is placed on top of the 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 the primary barriers to radionuclide release. 

The amount of heat dissipation is inversely proportional to the caisson diameter. The 
themial conductivity of the soil will also affect the amount of heat dissipated. The decay 
heat from the fuel will dissipate through the caisson barriers into the surrounding earth 
and, subsequently, to the 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 the 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 Version$: None 

Status 0 f 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 fuel can be easily monitored and retrieved. 
3. The degree of protection afforded the spent fuel i s  high and the risks of 

a radioactive release are low. 
4. The costs to expand the system are much lower than for other storage 

systems such as a spent fuel pool. 

Additional Reauirements: None 

comments: The technology may be of 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 the need for spent fuel 
storage pools. 

P e f e r e n c e s K o n t  : 

1. D, D. Orvis, C. Johnson, R. Jones, Review of ProDose d Dry-Storage Co nceuu 
Wrr Probabilistic Risk Assessme nl, EPRI NP-3365, Electric Power Research 
Institute, February 1984. 

2. L. M. Richards and M. J. Szulinski, "Subsurface Storage of Commercial Spent 
Nuclear Fuel," Nucl. Tech noL, a, 155-64, (Mid-April 1979). 

Nuclear Fuel: A P. A. Anderson and H. S. Meyer, Dry Sto rw of Suent 
Preliminarv Su rvev of E xisting: Technology and Exuerience 
U.S. Nuclear Regulatory Commission, April 1980. 

, NUREG/CR- 1223, 
3 .  

UpdateKompiler: April 1989WJR 
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