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SESSION 1 continued
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9:00 "Status of Development and Licensing Support for
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W.H.Hannum
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Chairperson: A.Shimizu
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U.K.Wehmann
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GENERAL DISCUSSION. PREPARATION AND
ADOPTION OF RECOMMENDATIONS.
Chairperson: U.K.Wehmann
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Summarizing each session and a spare time for
discussion

11:30 Close of the Meeting

11:45 Line up for a group photograph

12:00-13 :30 Lunch at Guest House

13:30 TourinOEC

15:00 Leave for Mito or Narita
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INTRODUCTION

The Specialists Meeting on "Passive and Active Safety Features of

Liquid Metal Fast Reactors" was held at O-arai Engineering Center (OEC),

Japan on 5 - 7 November, 1991. The meeting was sponsored by the

International Atomic Energy Agency on the recommendation of the IAEA

International Working Group on Fast Reactors (IWGFR) and was hosted by

the Power Rector and Nuclear Fuel Development Corporation of Japan. The

meeting was attended by delegates from nine countries - (China, France,

Germany, India, Italy, UK, USA, USSR, and Japan) and the IAEA. A list

of participants is included in this report.

The objective of the meeting was to discuss and exchange information

on passive and active safety concepts and to find some reasonable coupling

of these concept, aiming at firmer establishment of plant safety and at the

same time of plant cost reduction.

The following main topical areas were discussed by delegates:

(1) Overview - review of national status on the safety design approaches of

LMFRs

(2) Safety characteristics of decay heat removal system (DHRS)

(3) Safety characteristics of reactor protection system (RPS) and reactor

shutdown system (RSS)

(4) Core safety characteristics

During the meeting papers were presented by the delegates on behalf

of their countries and organizations. Presentations were followed by an open

discussion on the subjects contained by the papers. The session chairperson

and the technical secretariats prepared a summary of the main points made

by national delegates and of the resulting recommendations and conclusions.
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These draft summaries were maid available to delegates during the final

session of the meeting and approved by them for inclusion in this summary

report.

Before starting the formal sessions, Dr. V. Arkhipov, the IAEA IWGFR

scientific secretary, delivered an opening address emphasizing the significant

role of nuclear power reactors, especially fast reactors for future energy

supply and achievement of competitiveness with LMRs in view of both

economy and safety. Subsequently Mr. M. Toda, the director of OEC,

welcomed the delegates on behalf of the Power Reactor and Nuclear Fuel

Development Corporation, hoping for success of this meeting and wishing

the delegates a pleasant stay at OEC.

Following the self-introductions of all participant the chairperson, Mr.

Y. Yamashita, proceeded to introduced the agenda of the meeting which had

been arranged in such a way as to include presentation of all the submitted

papers and concentrate discussion at each session on a stated theme and its

associated topics. The proposed agenda was approved by the delegates.

13 -



SUMMARY FOR SESSION 1

Subject: Overview on Safety Design Approach

1. Summary of the papers

Seven papers were presented in this session, from China, EFR, India,

Japan, UK, USSR, and the US. For all countries, safety philosophy is based

upon safe shutdown of the reactor in all cases, assurance of core cooling in

the shutdown condition, and an acceptable impact upon the environment.

A design concept study (Dr. Mi Xu) has concluded that China's first

fast reactor (FFR) will be a pool type with sodium coolant, (Pu, U)O2 fuel,

316(Ti) stainless steel as core structural material, and a power of 65MW(th),

25MW(e). Construction will start in 1996 and first criticality is planned for

2000. It is expected that many more fast reactors will be built than thermal

reactors and therefore their safety characteristics must be correspondingly

greater. This should be achievable because of the acknowledged inherent

safety properties of the sodium cooled system .

China expects, for LOF, LOHS and TOP transients the reactor will

shut' itself down, i. e. the reactor possesses strong negative temperature and

power coefficients and core decay heat can be removed by natural

circulation. FFR will possess defense in depth and multiple barriers to

radioactive release; the staff, from designers to operators, are to be made

familiar with a safety culture and quality assurance is to be practiced. Also

firms making components for nuclear plants have to be licensed.

A number of safety criteria have been set,

(i) the margin to boiling should not be less than 200°C

(ii) the occurrence of fuel failures under all conditions within the design

basis should be less than 2%

(iii) Integrity of the sodium pool and containment should be maintained

(iv) Dose must satisfy ALARA
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(v) Maximum fuel temperature must be less than the fuel melting point

(the specific enthalpy not to exceed 280cal/g) and the fuel cladding

temperature not to exceed 750°C for 10 minutes.

For EFR (Dr. U. K.Wehmann) the safety principles are,

(i) defense in depth, i.e. reliable core monitoring, shutdown and decay

heat removal (10"Y per year for each of the latter two functions)

(ii) minimise dose to operators and to public (ALARP)

(iii) mitigation of residual risk (third shutdown level and barrier)

(iv) adopt passive features where reasonable (ALARP), particularly in

support of (iii)

The function of the third shutdown level and barrier is to so protect

the reactor that incidents which might otherwise lie within the design basis

(i.e. certain whole core accidents, multiple vessel failure) become part of the

residual risk category and no longer require a fully mechanistic study, a few

calculations to demonstrate the absence of any cliff edge phenomena being

sufficient.

The incorporation of passive features, in particular natural circulation

in the DRC, means that should electrical supplies to the station be lost the

emergency battery supplies are sufficient to maintain the plant in a safe

condition for up to 32 hours.

For India (Mr. S. R. Paranjpe) nuclear safety is considered under the

following headings,

(i) operability of the PFBR up to 150% nominal power

(ii) guaranteed safe shutdown and the ability to remove decay heat

(iii) containment capability including protection of the reactor from external

events (aircraft crash)

(iv) items (i) to (iii) to be applicable for a variety of fuel options
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For PFBR the sodium contribution to the power coefficient is positive

but less than the doppler effect provided the sodium does not reach boiling

point. Over the power range in item (i) this is regarded as acceptable. It is

therefore important to prevent sodium boiling.

For protection against loss of heat sink and loss of primary flow the

reactor will be protected by GEM subassemblies, tripping of the primary

sodium pumps (12s halving time) thereby being sufficient to shutdown the

reactor without the normal shutdown system needing to be involved. GEM is

likely to be necessary to meet the no sodium boiling condition.

No core catcher is required because molten fuel will freeze in the

region below the core. The melting of up to seven subassemblies can be

accommodated within the protection system. Absence of core catcher is

believed to have a positive PR benefit.

Decay heat removal is via four loops with sodium / sodium exchangers

immersed in the primary pool and sodium / air exchangers outside,

circulation is by natural convection. Only two loops are required to function.

A RVACS system has been rejected because of the risk of corrosion to the

reactor vessel. The large size of the primary pool relative to the core power

ensures a large thermal capacity and relatively slow temperature changes.

The mechanical energy release from an HCDA is less than 200 MJ and

containable. The secondary containment is designed to withstand a primary

sodium fire (500kg) and release not more than 0.1% of the building volume

per hour giving a dose lkm from the plant of less than 9 REM.

Although the probability of an aircraft crash is less than 10~8 per year

the containment building has been designed to withstand such an event.

The initiating phase CDA analysis in the Japanese DFBR-related study

(Mr. K. Satoh) shows that a void coefficient of up to 4 dollars is acceptable,
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nevertheless the intention is to prevent sodium boiling. 4 dollars represents

a potential energy release of approximately 100MJ.

ISI is to be employed to demonstrate the integrity of the core support

structure. Where ISI is not possible redundant support is to be provided.

Sodium fires will be suppressed by the inert atmosphere surrounding

the primary circuit boundary. LBB will be deployed to show that large

unexpected leakages will not occur.

High reliability shutdown will be assured by

(i) diversity of detection

(ii) diversity of rod type (articulated rods will be used in the back up

system)

(iii) diversity of insertion mechanism (Curie point SASS as

alternative)

For the top entry loop design a siphon break in the pipes between the

pool and the IHX will interfere with decay heat removal. Therefore the top

entry loop system is designed so that simultaneous siphon breaks will not

occur due to cover gas entrainment under all plant conditions. It is noted

that the DRACS is provided for decay heat removal in case of the loss of

function of the main heat transport systems.

In the Soviet Union (Dr. Y. K. Buksha), following Chernobyl, the

assessed probability of a severe core disruption must not be greater than 10"5

per reactor year and the probability of radioactivity release greater than 10

rem at 25km must not exceed 10"7 per reactor year.

The previous approach has been to provide multiple redundancy. This

is expensive and has prompted studies of reactor self protection leading to

an approach combining conventional (engineered safeguards) methods with

those described as passive.
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Although the BN-800 core design meets the required standards despite

possessing a positive sodium void coefficient (2% dk/k) it has been

redesigned to have a zero void coefficient (through the replacement of the

upper axial blanket by a sodium layer and thin boron carbide shield).

Passive safety rods (based upon the hydraulic principle and

temperature sensitive devices) have been proposed in addition to

conventional rods. Nevertheless core melt out is not excluded and the

containment has been designed to withstand the consequence of a MFCI

whilst a sodium cooled core catcher has been incorporated in the bottom of

the tank.

In BN-1600, in addition to the measures taken for BN-800, the

reactivity change with burn up will be minimised to reduce the risk of a

inadvertent removal of a control rod. Attention is therefore focussed on the

use of high density fuels (nitrogen 15 or carbide) and perforated

subassembly wrappers.

An important concern which rules out the use of enhanced negative

reactivity feedback to overcome a ULOF accident is the possibility of

initiating reactor instability at low coolant flow rates. Therefore for BN-

1600 the solution with passive safety rods on hydraulic basis has been

proposed.

The decay heat rejection system is based upon natural circulation of

both sodium and air and has no active features except possibly for the

movement of the air dampers.

The passive and engineered safety features of operating FRs were

illustrated by examples from the PFR. (Mr. C. V. Gregory)

Adequate removal of decay heat by natural circulation had been

demonstrated in PFR experiments (and in Phenix and Joyo). Detailed

interpretation of the results showed the existence of thermal syphon flows
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between the above core plenum and individual subassemblies. Such flows

have the potential to remove approximately 200kW of heat (i.e. more than

the decay heat) from a subassembly even if it is completely blocked at inlet.

The strong negative power and temperature coefficients mean that PFR

could survive an ULOF without the coolant outlet temperature reaching the

boiling point and an ULOHS incident with a pool temperature of between

600-650°C. For PFR an important component of the negative reactivity

feedback is the expansion of the control rods into the core and use is being

made of this in the design of CREED, one of the possible 3rd shutdown

level devices for EFR.

The PFR decay heat rejection system is almost totally, passive in

operation (dampers need to be opened but this can be done manually if

necessary) and has proved reliable in operation. The system uses NaK and

does not therefore require trace heating.

The PFR mixed oxide fuel has proved to be robust. There is a large

body of satisfactory experience with run beyond clad breach in PFR and

under prolonged boiling conditions from the DFR Special Experiment

Programme.

Two samples of engineered safety features were presented. The PFR

shutdown system has proved reliable with no failures to respond. Following

the S/H2 under sodium leak incident the engineered safeguard for

sodium/water reactions had to be reviewed and improved, at least to avoid

the possibility of common mode failure.

In the US FR development (Dr. W. H. Hannum) is concentrating upon

the IFR based ALMR concept. Apart from its claimed economic and waste

management advantages the use of a sodium pool design and metallic fuel

provide substantial safety margins. The safety approach requires that for

any incident no active systems have to operate to maintain the reactor in a
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safe state . This comprehensive passive safety requirement is backed up

with redundant and diverse engineered safety grade shutdown systems.

Defense in depth is provided by special measures to mitigate the

consequences of core melt accidents.

The passive response of the metallic fuel has been demonstrated in

EBR-II (1986) together with the removal of decay heat by natural

circulation.

NRC have reviewed the IFR concept and indicated that the proposed

ALMR design, based on the IFR concept, is licensable in principle. They have

therefore accepted passive safety features in a PRA context.

2. Remarks

(i) "What is meant by the terms passive, inherent, active and engineered

safeguards? There is an implication that passive means better, which is

not necessary true .

(ii) What is the role of passive features? All the proposed designs

incorporate a mixture of passive and engineered features but to

different degrees. In Japan and for EFR passive features are seen to be

a means of dealing with residual risk, in China and the USSR passive

features play a far greater role, in the US engineered features are only

used to support the passive features.

(iii) Attitudes to the sodium void coefficient vary. In the USSR the

intention is for the overall void coefficient to be zero (or even

negative); in Japan, India, and Europe a positive value (4-5 dollars) for

the voiding of the core is accepted but with the proviso (as in China)

that other measures will ensure sodium boiling does not occur. In the

US ALMR possesses a positive sodium void coefficient and there is no

intention to reduce it because to do so would make the response to
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other incidents worse. Reactors with a positive coefficient possess

containments able to withstand the consequence of an HCDA.

(iv) Natural circulation is plant specific and cannot be assumed under all

conditions. Nevertheless all reactor experiments have been successful in

demonstrating natural circulation. The Japanese, for the DRACS

design, suggest that a careful optimization of cooling capability is

necessary to minimize fuel cladding temperature.

(v) All proposed DHR systems (with the exception of RVACS) use sodium.

There is a difference between plants as to whether the sodium should

be pumped or rely upon natural circulation. Some countries have

difficulties with RVACS because of (i) possibility of corrosion of the

reactor guard vessel and (ii) because of the easy route to atmosphere in

the event of a double vessel failure.

(vi) The USSR have identified the possibility of reactor instability at low

core flow rates as a result of enhanced negative reactivity feedback.

This puts into question the use of control rod expansion devices and

possibly GEM.

(vii) How are passive safety features to be included in a PRA? For existing

plants the benefits of passive safety features have not been quantified

in the operating safety cases. Nevertheless the progress made in the

US with the safety submission for the ALMR to the NRC shows that

passive features can be made acceptable to a regulator in the context

of a PRA.

(viii) Reference is made to ALARA and ALARP without defining what is

meant by 'reasonable*.

(ix) Only one presentation (Japan) referred to the role of ISI in supporting

the plant safety case.
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SUMMARY FOR SESSION 2

Subject : Safety Characteristics of Decay Heat Removal Systems (DHRSs)

1. Summary of the papers

Dr. F. Hofmann presented the paper on behalf of EFR associates

describing the decay heat removal system for EFR. In EFR decay heat can

be removed by

a) water/steam system based on the use of active components of a low

load system along with respective cooling systems. Design provides for

2X100% DHR capacity. In the initial periods, when the steam

generation exceeds the capacity of DHR condensers, excess steam is

discharged to the atmosphere. Station service power is used as long as

it is available but after the loss of station service power; DRC system

is used.

b) DRC consists of six sodium loops, each of 50% capacity (15MW each

loop) cooled by ambient air. Each loop consists of one Na / Na heat

exchanger immersed in the hot pool, one Na/air heat exchanger,

connecting piping, damper and an air stack for inducing flow of air by

natural convection. During normal plant operation, DRC is maintained

in a state of readiness by a small loss of heat.

The paper categorizes operating conditions likely to be encountered in

actual practice with different possibilities ranging from 30 times in 40 years

to once in 40 years. Elaborate arrangement for provision of required power

supply for supporting the active components have been made: but at the same

time design provides for totally passive operation as well.

Reliability target of lXlO-7/demand is expected to be reached with

maximum cold structure temperature limited to 630°C.
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An interesting phenomenon namely inter wrapper flow has been reported

which helps to bring down the max. temperature reached in a fuel

subassembly.

Dr. H. J. Hoffmann of KfK presented the broad features of

experimental/theoretical programme underway in Europe in support of EFR.

It encompasses the determination of temperature and velocity distribution in

the primary system, and in the DRC system. Calculation methods include

codes varying in complexity, ID codes to 3D codes, for determining velocity

and temperature distributions. Theoretical work runs parallel to the

experiments in facilities - RAMONA, NEPTUN, KIWA, ILONA, TEFLU,

FLUTMIC, FETUNA, HIPPO - and actual reactors.

Very satisfactory agreement between theoretical predictions (2D & 3D

calculation) and experimental results have been reported.

Amongst the three type of immersion heat exchangers: the integrated

version of IHX and DHX seems to provide substantially higher circulation

rates through the core, lower overall system temperature and lower

temperature difference and hence may be favored (from thermohydraulic

consideration).

Mr. S. R. Paranjpe described the design provision and summarized the

studies carried out in the context of Indian prototype fast breeder reactor of

500MWe capacity. The design provides for:

a) Removal of decay heat through steam-water circuit if normal off-site

power supply is available.

b) When off-site power is not available, the DHR function is proposed to

be carried out by four totally passive DHR loops - each of 8MW

capacity.
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c) As a part of defense in depth, stored water in the deaerator can also

be used to remove the heat generated in the first 8 hours.

Fly wheels on the primary sodium pump shafts assure the cooling of the

core in the first few hundred seconds while the pony motor fed by batteries

can run the pumps for half an hour at 20% of nominal speed to ensure

adequacy of cooling in the transition period of establishing natural

convection.

With two loops, max. hot pool temperature is expected to be maintained

below 550°C and hot spot cladding temperature below 700°C. Studies

currently in progress appear to indicate that even with one loop, it may be

possible to maintain hot pool temperature below 600°C, while cladding

temperature will remain below 700-725°C.

Mr. C. E. Boardman described the ALMR DHR system based on direct

removal of decay heat from the surface of the reactor vessel by natural

convection. The system normally loses about 0.7MW of heat which rises to

2.7MW when system temperature increases due to initial excess of decay

heat over the initial heat removal capacity of RVACS. He also presented

analysis to show that the system design has sufficient margin to provide for

a 2<7 uncertainties in the parameters involved. Max. temperature expected

under these conditions is 655°C (statistical combination of individual

factors). Blockage of air inlets has been examined. Under such conditions,

some air stacks act as air inlets and some as air outlets and the increase in

the primary sodium temperature under these conditions is expected to be

around 56°C. Allowing for uncertainties in the parameters, max.

temperature expected is 687°C.

Mr. K. Miyagi's presentation deals with the sensitivity analysis and

determination by statistical analysis of non-exceedance probability of the
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designed safety limit of 650°C due to uncertainties in individual parameters.

The analysis appears to be system specific and correlation specific. It

concludes that most influential parameters are the- decay heat, heat transfer

correlations on the air side of Na/air heat exchanger and pressure drops in

the air side.

Mr. Y. Nishi presented a study on DHR capability of Reactor Vessel

Auxiliary Cooling System with natural convection based DHR. The paper

presents interesting results. A porous body placed in the normal air path

has been shown to improve the DHRS capacity in spite of the additional

resistance offered to the flow of air. The paper also gives an interesting

diagram defining the applicability / non-applicability of RVACS with reactor

vessel volume and thermal power output of the reactor as the important

parameters.

Mr. K. Hioki presented the paper on Reliability Assessment on Decay Heat

Removal of a Fast Reactor. The reliability analysis has been carried out

using the joint Japan-US (FREEDOM/CREDO) data base. Two important

parameters a) Unavailability per demand and unreliability for a mission

time of 168hours enter into the determination of final reliability. According

to the results presented

a. Failure probability of natural circulation (NC) is approximately one

sixth of that of forced circulation (FC) per loop in the IRACS type

DHRS when the mission time is 168 hours.

b. Of large importance are unreliability of component cooling system

(CCS) (40%) and pump (20%) in FC mode, unavailability of dampers

at the inlet and outlet of air cooler (40%) in NC mode.

c. The success criteria just after the reactor shutdown affect most on

the failure probability of DHRS. If one FC loop is needed for the
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first hour, the failure probability of DHRS is approximately four

times larger than in case where one NC loop is enough for a

mission time of 168 hours.

d. Adding one loop DHRS with smaller heat removal capability makes

the unreliability in 720 hours one fourth, and effectively limit the

increase of unreliability when the mission time is long.

e. The contribution of support system is large in FC mode. Therefore

adding only the frontline system loop is not very effective.

f. In the case that the success criteria is NC, strengthening the

frontline system is also effective because the contribution of

frontline system unavailability is large.

g. The effect of type of DHRS on the failure probability is smaller

than those of success criteria and support system configuration.

2. Conclusions

(i) All proposed DHR systems (with the exception of RVACS) use

sodium. There is a difference between plants as to whether the

sodium should be pumped or rely upon natural circulation.

Additional work is going on to support the DHR by pure natural

convection.

(ii) Other points:

During the course of discussions for a Bench Mark for comparison

of theoretical methods, Dr. H. J. Hoffmann explained that a Bench

Mark exercise is already underway and anybody wishing to join is

welcome to contact him to get the definition of the problem for

comparison of calculated values and experimental results.
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SUMMARY FOR SESSION 3

Subject: Safety Characteristics of Reactor Protection Systems and Reactor

Shutdown Systems

1. Summary of the papers

Five papers were presented from Germany, India, USA and Japan. The

general design considerations of reactor protection and shutdown system

including some development works on passive safety features were reported.

Dr. U. K. Wehmann presented the approach taken to reactor shutdown

in the design of EFR and said that the reactor protection system (RPS)

consists of two independent and diverse subsystems each of which has a

number of associated measured trip parameters and also has a set of diverse

absorber rods suspended by electromagnets. The total reliability target of

the RPS is 10'7 failures per year. Further he discussed a third shutdown

level concept which mitigates the consequence of failure of the RPS and

includes control rod driveline enhanced thermal expansion and absorber rod

stroke limitation device.

For India, Mr. S. R. Paranjpe presented the design features of reactor

protection for PFBR. Two independent reactor protection logic systems, each

of which is supplied independently of inputs from the sensors, are provided.

The control rods of two different designs are used. Gas expansion modules to

be provided at the core blanket interface and use of a Curie point magnets

are proposed to enhance the safety margin.

Dr. P. M. Magee said that the U.S. Advanced Liquid Metal Reactor

(ALMR) has two systems with active control for reactor shutdown: the Plant

Control System (PCS) and the Reactor Protection System (RPS). For ATWS
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events, the reactor can be brought to cold critical by the Ultimate Shutdown

System (USS), which is a manually activated system that allows boron balls

to drop into the core and produce cold shutdown. Reliability of the RPS

scram function is estimated to be better than 5.2E-8 failures per demand, a

factor of 20 better than the requirement (10"6/demand).

Mr. S. Itooka of Japan presented the reliability analysis of SASS (self

actuated shutdown system) using a Curie point electromagnet under the

unprotected loss of flow (ULOF) events. The analysis uses the response

surface Monte Carlo method. The sensitivity study shows that the dispersion

of subassembly outlet coolant temperature near the SASS is one of the most

sensitive parameters. The reliability evaluation of reactor shutdown system

including the SASS indicates the effectiveness of the SASS on the reliability

improvement in the LMFBR shutdown system.

Mr. M. Moriyama of Japan presented the status on the development of

a SASS and its reliability evaluation at PNC. The R&D has been

performed as to the curie point electromagnet mechanism in fields of

electromagnetic characteristics, quick responsiveness and analytical

estimation of temperature response. The results indicate that the passive

actuating mechanism using a Curie point electromagnet in the present

design has relatively high reliability in loss of flow type events. A

probability of spurious actuation can be reduced to a sufficiently low level by

a design of appropriate margin to the Curie point.

2. Conclusions

(i) The reliability of the active reactor protection systems in the

design of EFR, ALMR and PFBR is estimated to be better than the

order of 10'7 failures per demand.
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(ii) A third shutdown level concept which mitigates the consequence of

failure of the RPS by enhancing passive characteristics of the core

components is proposed.

- 29 -



SUMMARY DOR SESSION 4

Subject: Safety Characteristics of Reactor Core

1. Summary of the papers

Eight papers were presented, including contributions from Germany, India,

Japan, United States and the USSR. The papers covered analysis and

optimization of fast reactor core safety parameters.

Dr. U. K. Wehmann summarized studies which have been undertaken to

reduce the sodium void coefficient for the EFR. The initial performance-

optimized design had a sodium void coefficient of some 8$. Reducing the core

height from 1.4 m to 1.0 m reduces the sodium void effect value to about 5$;

further reductions give only small improvements. The consequences on Doppler

effect, shutdown worth in relation to shutdown requirements and on control rod

withdrawal consequences were stressed. Safety analyses of this revised design

appear to meet realistic safety objectives.

Mr. S. R. Paranjpe of India presented analyses of the safety parameters for a

particular reactor conceptual design which is compatible with oxide, carbide and

metallic fuel. He noted that for any of the fuels, traditionally considered

accidents develop with ample time for engineered systems to be effective. Should

the engineered SCRAM systems fail, each of the systems, with provision for flow

coastdown and gas expansion modules (GEM), will accept an unprotected loss of

flow. In the case of a hypothetical core disassembly accident arising from fast

flow reduction without safety action, metal core will yield higher mechanical

energy release; in the event of fuel coolant interactions with ceramic fuels they

are moderate. But, in case the fuel coolant interaction is severe, the energy yield

for ceramic fuels will be higher than for the metal case. The primary containment

can be designed for accomodating mechanical energy release up to 200 MJ;
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options involving overall reactivity addition rates up to 75 $/sec can be considered

as acceptable. Mr. Paranjpe also described an analysis of the safety implication of

melting several subassemblies of fuel. His conclusion is that there would be no

decay heat removal concern associated with melting of up to seven

subassemblies.

Prof. A. Shimizu of Japan described an ambitious proposal to establish a

parametric analysis of safety parameters appropriate to ensure passive safety

response to accident initiators. By defining objective performance measures, it is

hoped to be able to guide optimization studies; an example is the tradeoff between

sodium density coefficients and Doppler coefficients. He will also study inverse

analyses where an objective function is used to formally determine design

parameters. His study horizons cover a variety of fuels, coolants,geometries and

moderators.

Dr. P. M. Magee of the United States discussed the basic ALMR safety

philosophy, reactor design features affecting safety, performance during

ATWS, and accommodation of positive sodium void reactivity. He said that

the ALMR design accommodates ATWS events with few pin failures and

with very limited reactor damage and the probability of an ATWS event

resulting in a significant positive reactivity addition and severe core damage

is less than 0.01; this combined with the frequency of ATWS results in an

ATWS severe core damage frequency of less than 4XlO'9/y. He emphasized

that beyond the ample design margins inherent in the design, the primary

coolant boundary would also be able to withstand any credible energetic core

disruptive accident.

Dr. A. N. Chebeskov of the USSR described core design alternatives which

have been considered for BN-800 and BN-1600 type cores, so as to reduce the
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sodium void coefficient to zero. In addition to traditional geometry changes to

increase leakage, they find that by inserting a rather large sodium plenum in the

region above a somewhat flattened core, it is possible to achieve a zero reactivity

effect for voiding the entire core, upper blanket and associated plenum. These

studies are continuing to assure the adequacy of the analytic techniques, and to

study the reactivity evolution between normal operation and complete voiding.

Dr. Chebeskov offered to make available the details of the sodium plenum

configuration to any representatives who would be willing to perform analyses for

comparison with the USSR results.

Dr. B. A. Vasilyev of the USSR presented the results of extensive studies of

the reactivity coefficients associated with various fast reactor alternatives. He

noted the potential to gain safety margin by reducing linear power ratings, and

emphasized the significance of obtaining assurance of the radial expansion effect,

regardless of the specifics of the core. The extensive use of reactivity coefficients

allows the results of his calculations to be generalized.

Mr. M. Nakagawa of Japan described a model he has developed to analyze

the core bowing resulting from thermal transients, and discussed the practical

application of this model to a particular 300 MWe metal fueled core design. The

conclusions illustrate the significance of core loading pad stiffness and clearances.

It was pointed out that his results have general applicability, independent of the

reactor fuel.

Mr. T. Kawakita of Japan presented the results of studies aimed at

optimizing the safety performance of a large FBR core. In his study, in addition to

the enhanced leakage obtained from altered geometry, he emphasized the

importance of the reactivity swing during a cycle, in this instance by going to a

- 32 -



ductless core. Again while the specific study used oxide fuel, it is felt that the

results should be generally applicable.

2. Conclusions

(i) The breadth of studies and the general compatibility of the conclusions

reached give evidence that there have been improvements in the general

understanding of the parameters which must be addressed in design and analysis

of fast reactors to assure their safe response to accident situations. Current fast

reactor designs offer large margins of safety, and by virtue of redundant and

diverse safety systems the potential for an energetic core disruptive accident or

for fast reactor core meltdown has been essentially eliminated; the availability of

engineered core safety features - either control systems or flow coastdown is

sufficient to prevent major core damage. Nevertheless, in the context of fully

unprotected accidents, designers continue to search for ways to limit the potential

reactivity addition available from sodium voiding. There is general appreciation

that core geometry (increased neutron leakage) will decrease the sodium void

effect; certain innovative approaches such as a large sodium plenum above the

core may reduce total sodium void effect to zero. It is agreed that continued study

is useful, but it is noted that efforts to reduce sodium void worth should give

careful consideration to other effects, such as control rod worth, which may have

safety significance.

(ii) The conflicting aspect of the Doppler coefficient - a high coefficient is

valuable in case of an unprotected reactivity insertion, but a high Doppler effect

can compound the consequences on an unprotected loss of flow accident - is

recognized, and is likely to remain as a dilemma for the designer. The importance

of confidence in core radial expansion was broadly acknowledged. Confirmatory

measurements may be appropriate in certain circumstances. There is limited

data today on the behavior of fuel debris beds. The grace time involved in most
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accidents is receiving attention in all programs and offers further assurance of

the safety of liquid metal fast reactors.

(iii) It is clear that the neutronic behavior of the various ceramic fuels (oxide,

carbide, nitride) do not differ greatly, but metallic fuels are recognized as having

distinctly different safety performance than do the ceramic fuels. Based on the

information available at this time, there appear to be safety benefits available

with metallic fuels, but the data base is not as extensive as that for oxide fuels.

The principle advantages as reported by the US delegation are associated with

the lower stored energy, compatibility with the coolant, simplified reactivity

feedbacks, and reduced control rod worths.

(iv) The USSR delegation agreed to prepare by the end of 1991, a calculational

model representing their proposed sodium plenum concept, and will invite

participants to perform calculations of the sodium void worth using their own

techniques. Those choosing to participate should also take note of other safety

significant factors that would be associated with such a design concept, both

favorable and unfavorable. The specialists participating in the current meeting

believe that it would be useful for the IAEA to arrange for an appropriate

specialists exchange on the results of the calculations under the auspices of the

IWGFR.
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Abstract

The paper descibes generally the status of the China experinental fast

reactor vhich is in the design stage. The basic safety demands and safety

design criteria for the reactor has been proposed and presented in the

paper. Finally China's licensing system for nuclear installations are

introduced.



Some Considerations for FFR Safety Design

1. Introduction

Since the year 1987 the development of the FBR technology is pursued

under the framework of the State High-Technology R*D Project in China. It

is planed to build an experimental fast reactor, named China First Fast

Reactor, shortly FFR, vith the power 85 HWth and 25 HWe arid to have its

first criticality in the year 2000.

The main purpose of the FFR are to get designing, construction and

operation experiences of the FBR plant and to operate it as a fast neutron

irradiation facility for the fuels and materials development.

The main technical selections have been decided:

Sodium as coolant

Pool type as the primary coolant circuit arrangement concept

(Pu, U)02 as fuel

316 (Ti) Stainless steel as core structure material.

The boundary conditions have been selected including outlet

temperature of the core, linear power of the fuel pin, steam parameters,

number of the loops for coolant circuit, fuel storage and handling

strategy, safety criteria and so on.

About 50 calculation computer codes have been collected and developped

since 1988 which involve nuclear data, reactor neutronics and shielding,

thernohydraulics, mechanics, loop analysis and safety analysis. Using

these codes the conceptual design of the FFR has been basically completed.

It is planed that we will complete the preliminary design from 1992 to

1993 and will finish the detail design before the end of 1995.

2. Basic demands for the FFR safety design.

Fast breeder reactors will be the second generation of the reactor

type for the nuclear power in fuel utilization point of view and it could

be envisaged that the number of the Fast breeder reactors to be totally

built will be the hundred folds of thermal reactors. Therefore the fast
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reactor must be safer than the first generation reactors such as

conventional PVR, BVR, HWR This goal could be reached because the sodium

cooled fast breeder reactors have their inherently safe properties as

following:

• Very good heat transfer and natural circulation capabilities of the

sodium coolant.

• Sodium coolant operating temperatures far below the evaporation

temperature, so that drying out of the core due to coolant evaporation can

be excluded.

• Unpressurized primary coolant, so that there is never anxiety of

coolant depressure.

• Chemical activity of the sodium, so that some radioactive isotopes

could be partly traped by the sodium coolant.

All these inherent features will surely contribute to the safety of

fast reactors, as we know, the safety concept has three essential

elements: the first, the reactor could be shutdown in any cases; the

second, assurance of core cooling in the shutdown condition could be

realized and the third, the impact to the environment in any incidents

will be acceptable.

• For the FFR, it is emphasized that in the conventional transients,

i.e. LOF, LOHS and TOP, the reactor could be shutdown by itself, do not

need by signal initiation, nor by manual initiation for the scram, in

other words, the reactor is characterized by its neutron self-stability.

In the case of the FFR, the isothermal temperature coefficient and Doppler

coefficient will be negative, in addition, the absorber rods become hotter

and "grow into" the core when the temperature of the core rises, according

to the conceptual design. The key point is to make such restraint design

of the core so that the temperature rising due to cooling loss or power

increases cause expansion of the core with an associated negative

reactivity effect. It is also emphasized that the decay heat will be

removed by the natural circulation of the coolant.

This passive safety features which the design is aimed at have been

obtained in some fast reactors in the world. Fig 1 is from Dr.J.E.Brunings
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[1], Fig2 and Fig3 are froa Dr.F.E.Tippets et.al. [2], Superphenix -1 also

has siailar safety features[3].

Concerning active safety features two diverse shutdown systems are

applicable for the FFR. The priaary shutdown systea contains 7 control

subassenblies and the secondary shutdown systea 2 contains safety control

subasseablies. These two systeas are independent each other. Each one

could bring the reactor shutdown in the cases of accident. The cross

section of the FFR core is shown in Fig 4.

Finally, for environaental protection, all priaary sodiua systeas

never out of the safety containment as one of design deaands for the FFR.

3. Safety approach and safety criteria

To be a new generation of nuclear power for next century the overall

safety level for FFR design should be higher than for a Modern PVR, that

aeans FFR has to have auch lower probability of core Belt down, less

radioactive release and to take aore passive safety features to enhance

reliability.

• Bulk boiling of priaary sodiua is not allowed in any case.

• There should be able to no fuel failure at operational transient

conditions and the failure rate should be less than 2% under the accident

conditions within the design bases.

• It should be able to naintain the integrity of sodium pool and

containment. It should be able to naintain long-tera core cooling capacity

under the liaiting cases.

• Occupational dosage should Beet the requirement of ALARA principle.

In the theraohydraulic design the following liaits are taken under

the accident conditions.

• The aaximua fuel pellet temperature should not exceed its melting

point with sufficient margin.

• The peak cladding teaperature should not exceed 750 'C for ten

minutes.

• The naxiaua specific enthalpy for MOX fuel is 280 cal/g.

• The sodiuo boiling margin at the core outlet should be aore than

200-C.

1) Safety approach.

All the effective aeasures in past nuclear safety practices would be

implemented in FFR design, they are defence in depth, aulti-barriers,

safety culture, quality assurance and so on . Among which the prime one

is extensive application of defence in depth concepts which contians four

levels:

• High Quality design fabrication, construction and operation;

• Protective systea and its supporting systems to avoid accidents

taking place.

• Engineering safety features to limit the consenquences of DBA and to

prevent severe accidents to take place.

•Physical barriers confining the radioactive material.

2) Safety Criteria.

4 -

4. China's licensing system for nuclear installation

China National Nuclear Adainistration (NNSA) was established in

October 1984, who is an independent governmental organization fuctioning

under the state council through State Science and Technology commission

(SSTC), is responsible for surveillance and control on nuclear safety

matters of all civilian nuclear installations and nuclear materials in

China.

The safety review and safety inspection are implemented step by step

are divided into five phases as siting, construction, coaaissioning,

operation and decoaaissioning covering the whole process of a nuclear

installation. Five kinds of licenses with defined corresponding

requirements and conditions are designated to the five phases respectively:

• Site approval;

• Construction permit;
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- Fuel loading approval;

- Operation license; and

• Decommissioning approval

The licensing process is illuatrsted on Fig 5. The NNSA also issues

operator licenses to the key operators of nuclear installations.

5. Conclusion

The fact that the fast reactors' family has very good safe records of

their operations of about 250 reactor, years indicates the fast reactor is

a better safe type of reactor and rich experiences of the fast reactor

design, construction and operation have been accumulated by FBR developed

countries. In China case, paying great attention on overseas FBR

experiences, we will extensively pursued the development using nation's

own technology.
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The neutronic and thermohydraulic parameters of FFR core

Specification

Thermal power

Electric, power

Volume fraction

Core size.height/ diameter

Core fissile content
Pu/Pu-239/U-235

Linear power masc'.

Radial / axial power
non-homogeniety coefficient

Average irradiation cycle
Neutron flux max.

Isothermal temperature coefficient

Power coefficient

Bubble coefficient max.

Doppler coefficient without Na

Doppler coefficient with Na

Value of compensation S.A

Value of regulation S.A

Value of safety S.A

Outlet/inlet
average temperature of the core

Subchannel nominal temperature
max. fuel region / blanket region

Fuel nominal temperature
max. fuel region / blanket region

Unit

MW

MW

fuel / ss /
Na/gap

mm

kg

W/cm

©

n/c'm1 • sec
Pern /.'t:

Pcm/MW

T-.dk/ dT

T- dk /dT

% A k / k

%Ak/k

%Ak/.k

t

Value

65.5

25

0.381 / 0.207/
0.397/0.015

50/59.5

126.0/96.6/ 101.2

430

1.32/1.17

66

2.97 x I0's

-4.86

-8.60

-9.73

-2.23 x 10 "J

-2.95 x 10~J

1x2.04, 3x0.97

3x0.48

2x2.04

530/400

593.6/502

2193/762
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SUMMARY VIEW ON THE EFR SAFETY APPROACH

D. Broadley, NNC Risley, Great Britain

U. Wehmann, Siemens AG, Bergisch Gladbach 1, FRG

I. INTRODUCTION

An overview of the current status of the EFR safety approach
was given in the paper presented at Kyoto / 1 /. This is the most
recent statement reflecting some development since the previous
paper at Snowbird / 2 / and one at a safety meeting in Brussels
/ 3 /. Some important selected aspects of this approach are sum-
marised in this note.

II. EFR SAFETY APPROACH

The EFR safety approach can be summarised as follows:

- reliable core monitoring and shutdown

- enhanced prevention for exclusion of core disruptive accidents

- enhanced passivity wherever reasonable

- damage limiting measures for residual risk (mitigation)

In the design basis area very high reliability targets have
been set for fast reactor shutdown and decay heat removal (total
loss of each function less than 10~7 year).
To achieve this a meaningful degree of redundancy and diversity
is proposed in the design basis in order to avoid common mode
failures.

For the reactor shutdown the function is assured by two
systems (Figure 1). Each system is able to shutdown the reactor
and comprises a trip system and an associated absorber rod group.
The sensors of each trip system are connected to a logic which
commands the gravity drop of one absorber group. One trip system
being sufficient to initiate the drop of both rod groups. This is
accomplished by a feed back free link between the two trip systems.

For decay heat removal, in the first place heat is removed by
the main water steam system which is designed to meet the normal
operational requirements and as such is not safety classified. To
achieve the overall reliability required for the safety target an
independent and passive direct reactor cooling (DRC) system is
provided which removes heat direct from the hot pool, Figure 2.
This DRC has 2 systems, each comprising 3 loops with component
diversity. DRC system operation and decay heat removal by the
water steam system are independent and diverse.

- 2 -

In addition to these preventive measures already provided
within the design basis, in order to ensure a very low level of
risk it is intended to have further measures within the framework
of risk minimisation. This means that the inherent features of
EFR are optimised and will be eventually supported by additional
features as far as reasonably practical (ALARP). For convenience,
for those measures supporting the shutdown function the generic
term "third shutdown level" is used and measures against other
initators are called the "third barrier". With these measures the
preventive safety level will reach such a degree of reliability
that severe accidents will be relegated far into the residual risk
regime. The concept is illustrated in Figure 3.

The third shutdown level consists of active and passive
features, such as control rod stroke limitation, absorber rod
magnets connected directly to the incoming supplies, bulk in-
sertion of absorber on shutdown dependent or not on the reac-
tor protection system and a control rod drive line enhanced
thermal expansion device, see Figure 4. These features are not
intended to prevent design base limits being exceeded, but are
designed to avoid or delay the onset of intolerable conditions
so that remedial action may be taken and the need for mitigation
is reduced.

The plant naturally has a number of sources of heat loss
which can be enhanced to complement the decay heat removal as a
third barrier. Such measures are studied for their potential con-
tribution and design decisions will be taken according to the
ALARP principle. An exemple of these studies is the improved
potential of heat removal through the reactor pit / 4 /.

The adequacy of mitigating measures is not assessed on the
basis of a mechanistic progression of accidentl because of the
high level of accident prevention and the resulting extremely
low frequency. Judgements for mitigating measures will be based
on a series of hypothetical plant states chosen to reveal cliff
edge effects.

It is therefore an important objective to avoid weak points
and cliff edge effects in the behaviour of the primary and secon-
dary containments. The strength of the primary containment has the
potential to resist static and dynamic loads which might arise
from whole core accidents. The potential cliff edge effects which
could lead to a risk of loss of primary containment integrity have
to be identified (e.g. sodium impact under the roof, post acciden-
tal decay heat removal ...) together with reasonable mitigating
measures provided on the ALARP principle (e.g. reinforcement of
the roof, debris tray . . . ) .

Similarly, to avoid cliff edge effects, the secondary con-
tainment must accommodate possible leakages of the primary con-
tainment and also consequences of a significant secondary sodium
fire (i.e. requirement for integrity of the building to avoid any
aggravation of the accident) . Capabilities of containments to con-
trol radiogical releases corresponding to the plant£i<t̂ e-S retained
will be assessed and mitigating measures provided according to the
ALARP principle.



00

- 3 -

III. CONCLUSION

Sensible and reasonable steps have been taken to enhance the
passivity of the EFR design for each of the safety functions, i.e.
shutdown, cooling the containment and the DRC system which is ca-
pable of removing decay heat entirely by natural convection.

The overall success of the passive measures is apparent from
the grace time capability of the plant of 32 hours after loss of
the station service using only the emergency battery supplies.
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Recommendation to introduce in the design today:

- Improved core design (1.0 m)

- Bulk rod insertion

- Mechanical stroke limitation device

- Pony motors

- SADE system

Recommendation to introduce but subject to further work:

- Radial core expansion

- Control rod drive line enhancer

Options under discussion:

- Pump coast down inertia

- Steel baffle/gas dam

- Ulitmate shutdown measures

Enhanced Prevention : 3 r " Shutdown Level
Fig.



Overview of Indian position - Passive and Active Safety
features of LMFERs - Presentation at the ITOFR Special 1st
Nfcetlng at Oaral -Nov. 5-7, 1991.

S.R. PAR/TOPE
Director

Indira Gandhi Centre for Atomic Research
Kalpakkam - fi)3 102 Tamil Nadu India

1. INTRODUCTION

1.1 Because of 'the fact that Pressurised Water Reactors and

Boiling Water Reactors constitute the bulk of the installed

capacity in Western Europe and North America; and these reactors

can be considered to have acceptable level of safety; one often

corres across a statement that UvFERs can be designed to be

"atleast as safe" as the Pressurised Water Reactors and the

Boiling Water Reactors. Perhaps there are non-technical reasons

for describing the safety features and the resultant safety

potential of LA/FBRs in such non-positive manner. At least in this

meeting of the specialists we need not consider the non-technical

aspects and therefore, talk more positively about the safety of

LA/FBRs. Atleast in India, we the scientists and the engineers

working in the field of LM^BRs are fully convinced that in terms

of safety, LA/FER as a type is second to no other reactor type

when full advantage is taken of the intrinsic features and is

ccrrbined with good engineering. This conclusion is based on the

detailed design studies carried out in the context of the

proposed 500 MV Prototype Fast Breeder Reactor (PFBR).

1.2 Although India has an ambitious progranrrre for deployment of

LA/FBRs, resources available for the perfection of the technology

XA0055403

are quite modest in comparison to the resources deployed by other

IVIGFR member countries. Consequently, the cognisance of all

available informations arising f rom R & D programres of other

IWCFR member countries becomes one of the most important

considerations. Cur own detailed design studies also contribute

to the decisions taken. The actual experience of construction

and operation is expected to lead to certain modifications in the

design approach and it is hoped that these modifications will be

more in the nature of removal of the degree of conservatism

provided in the present design rather than increasing the

complexity and cost of engineered safety features. With these

general remarks, one can turn to the core of the "over view"

presented in the following :

2. NUCLEAR SAFETY ISSUES

2.1 The safety of the reactor can be divided into nuclear and

non-nuclear considerations. In the present over view, non-

nuclear considerations have been touched upon only to the extent

they have a bearing on the nuclear considerations.

2.2 Nuclear safety can be considered under the following

headings:-

a) Flexibility and ease of operation over the entire power

range from zero percent to beyond the limit determined by the

safety settings. Indeed to allow for the uncertainty in the

design analysis, it is necessary to investigate the

operability of the reactor from zero power to atleast 150% of

the nominal power.

b) Effectiveness of steps to ensure the safety as well as good

plant availability under foreseeable incident conditions.



c) Guaranteed safe shut down of the reactor in the event of

any conceivable disturbance.

d) Ability to remove safely and reliably the decay heat

generated in the system while the reactor is held sufficiently

sub-critical in the shut down state.

e) Containment capability including protection of the reactor

from events external to the system.

3. B»CKCEaN3

3.1 It may be worthwhile to recall that the PFER has a thermal

output of 1200 MV and comes into the category of reactors of

intermediate output-neither small like Prism nor large like

Superphenix or EFR. The reactor has an overall non-significant

positive sodium void coefficient. At the same time the reactor

is not adequately large to give an internal conversion ratio of

unity or slightly larger than unity to eliminate reactivity

swings associated with the large burn up. For avoiding the

problems of thermal striping radially heterogeneous concept

stands positively rejected. There is sorre interest in the

axially heaterogeneous concept, but the interest at present is

more academic than real. To begin with, it has been decided to

have a homogeneous core with fuel design optimised to give nearly

minimm fuel cycle cost and a short doubling time.

3.2 As our own irradiation experience is limited, the initial

cores have been designed to have refuelling at relatively short

intervals while the possibility of extending the interval has

been kept in mind. It may also be recalled that the reactor has

been designed to accommodate any of the fuel options namely,

mixed oxide, mixed carbide/nitride and a ternary metal alloy fuel

(uraniun + plutoniim + zirconium alloy). The first few cores of

PFER would of course use mixed oxide fuel. But the growth

potential of mixed oxide is totally unsatisfactory as India needs

a very large contribution to nuclear energy prograrrme f rom LA/FBRs

and the contribution has to arise from the limited amount of

plutonium that is expected to be generated by the modest PrWR

programme based on indigenously available natural uranium. An

advanced fuel, therefore, appears absolutely necessary for the

long term needs of Indian Nuclear Programme. At the time the

decision for fuel for FBTR.was taken, it was felt that the mixed

carbide would be the preferred advanced fuel for Indian Nuclear

Power Prograrmre based on lAFERs. But since then many things have

happened. We have understood the problems to be faced in large

scale fabrication of mixed carbide fuel arising from the

pyrophorus nature of the material. Reprocessing of the fuel will

also be significantly more expensive ccrrpared to reprocessing

mixed oxide fuel. Resultant fuel cycle cost with mixed carbide

is likely to be higher than the fuel cycle cost with mixed oxide

and the extra revenue related to the larger breeding gain with

mixed carbide fuel does not adequately compensate the increased

fuel cycle cost. Had there been no other option, we would have

perhaps continued to put our faith in the mixed carbide fuel.

But the developments in the area of ternary metal alloy fuel

reported from Argonne National Laboratory appears to provide a

better alternative to the mixed oxide fuel. As of today, this

assessment is still in the nature of a technology forecast. But

increasing number of people feel that metal alloy fuel will be



perhaps the best option in the long term, capable of providing

minimxn fuel cycle cost and a good growth potential without any

ccnrprcmise with safety. It is, therefore, felt that the

reference fuel for the initial core of PFER is mixed oxide while

reference fuel for fast reactor programre beyond PFER wi 11 be the

rretal alloy fuel.

3.3 Consequently PFER design is progressing in such a manner

that the reactor can be fuelled initially with a mixed oxide fuel

while it should .be possible to load sore metal alloy sub-

asserrblies in the oxide core before changing the full core to the

metal alloy. To be able to achieve this, it has been decided

that the power density will be kept constant irrespective of

choice of the fuel. The total flow of primary sodium arising

through the core and the head developed by the primary sodium

pirrps will be the same for any of the fuel option. The size of

each fuel sub-asserrbly will also be the sarre and external

features (head, foot and the body would also be the sarre). The

pin diameteres would of course differ. Inlet and outlet sodium

terrperatures for the metal alloy option may have to be little

lower than the inlet and outlet temperature for the initial mixed

oxide option. Therefore, there will be an economic penalty as

the electrical output of the reactor with a metal alloy fuel will

be less than that of the mixed oxide core. This economic penalty

is considered acceptable in view of the valuable operational

experience to be gained for the whole core irradiation of a rretal

alloy. Main considerations (a) to (e) listed above are,

therefore, examined for different fuel options.

3.4 The analysis is not complete in all respects for all the

different fuel options but all important aspects have been

examined for the three options. Behaviour of mixed nitride fuel

is expected to be very similar to the behaviour of mixed carbide

fuel and consequently corrpletion of the analysis of mixed nitride

fuel is a low priority effort.

4.0 SUWPRY CF RESULTS

4.1 Flexibility and Ease of Operation: The studies carried out

have not revealed any difficulty in operating the reactor over

the entire power range, in spite of the fact that all reactivity

coefficients are not negative. The sodium void coefficient is

positive while the Doppler coefficient is negative. The sodium

•'oid effect is smaller than the Doppler coefficient as long as

iodium does not reach the boiling point and hence overall pt>,,*-i

coefficient remains negative. The magnitude ofcourse varies for

the different options. Moreover the coefficients in general are

small as is expected for LWFERs and therefore, contribute to the

ease of operations.

4.2 Safety in respect of incidents : Single events like loss

of a primary pump, loss of a secondary sodium purrp, accidental

withdrawal of a control rod at the design speed and other similar

incidents have been analysed in detail for the three options.

With the design of the reactor protection system planned for

PFER as detailed in a separate presentation at this meeting,

atleast two and many tirres three independent outputs from reactor

protection system are available for taking the necessary safety

action. In rrost cases, lowering of the rods to adjust the power
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to a lower level is considered adequate and reactors scram is

not required.

Indeed even without safety action the plant is expected to

be stabilised under conditions which can be considered as

acceptable taking into account the fact that failure of the

reactor protection logic to take corrective action will be a

phenorrena of mjch lower frequency than the initiating incident

itself. For exarrple if tripping of one primary sodium purrp may

have a frequency of two per year, in the life of the plant, we

may expect 50 to ffl incidents. Out of the S) incidents safety

action not taking place due to the failure of reactor protection

logic is likely to be less than one in the life tine and for the

one incident the conditions would be acceptable.

<f.3 Ability to shut down the reactor safely in the event of

major disturbances :

Loss of heat-sink and loss of primary flow are considered as

representatives of major incidents. Detailed analysis has shown

that the reactor protection logic provides sufficient number of

diverse output to safely shut down the reactor. Here it is

worthnoting that it is contemplated to provide adequate number of

"Gem" Sub-as senrb 1 ies (Gas Equipped Modules) conceived by

designers in USA. If credit is taken for the negative

reactivity contributed by these Gem modules, mere'tripping of

the primary sodium pumps can shut down the reactor safely without

any assistance from the reactivity control system. ' The safety

margin is highest in the case of metal alloy fuel and the safety

margin decreases progressively and becores minirrun for the mixed

oxide fuel. Indeed it is possible that the safety authorities

may not consider this safety margin without the credit for "OEM'

sub-assemblies as adequate to prevent boiling of sodiun in the

"hot" sub-assemblies to obtain full credit of the inherent safety

features. It is ofcourse necessary to provide for a slow coast

down of the primary flow. The fly wheel with a tine constant of

12 seconds is planned for the primary sodium pumps. The fly

wheel is mounted directly on the shaft of the pump so that

certain amount of stored kinetic energy is always available

without dependance on any other equipment or system.

it.it Fuel-melt ing and Core Catcher :

Progressive melting of the fuel pins due to propagation of

the fault has also been studied for all the fuel options. It has

been observed that in each case initially there is scrre addition

of reactivity .as fuel moves from a region of lower importance

to the region of higher importance. But as the fuel movement

continues under the influence of gravity, the fuel soon enters

the region of lower importance and therefore, contributes

negative reactivity to the system. Detailed analysis has shown

that even sirruitaneous melting upto seven full sub-assemblies can

be taken care of by the reactor protection system provided. Such

large failures can be considered as beyond the design basis and

therefore, the overall position can be considered as acceptable.

Further, it has been shown that the molten fuel flowing downward

will freeze before reaching the top surface of the grid-plate.

Hence core-catcher is considered unnecessary by the designers.

Safety authorities have yet to take a decision in this regard.
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4.5 Decay Heat Removal :-

Normal approach to the removal of decay heat would be the

operation of any one of the secondary sodiun loops and its

associated steamwater circuit. It may be recalled that PFER is

a four loop reactor and therefore, there is abundant redundancy

in the design for removal of the decay heat as long as power is

available for operation of the punrps. But in the event there is

a power failure decay heat wi11 be removed by the decay heat

removal system based on sodiim to air heat exchangers. The

system consists of sodiinn to sodiim heat exchangers immersed in

the main vessel in the hot pool and a sodiun to air heat

exchanger based on natural covection as the cold end of the

decay heat removal loop. Four such loops have been provided to

provide near normal temperature distribution within the hot pool

o
while the cold pool temperature is limited to 500 C.

Consequently putting the decay heat removal system into operation

does not involve any significant thermal stresses. Each DrR loop

is designed to remove 8 Myth so that even in the extreme event of

2 of the 4 loops being not available, two loops remaining in

service will be able to remove the decay heat without the

temperatures in any part of the system exceeding the safety

settings. Removal of-the decay heat by natural covection frcm

the main vessel walls as is the case for the Prism reactor is not

favoured because of the relatively large size of the reactor and

more importantly because of saline atmosphere as PFER will be

located in a coastal area. The stainless steel which is the

material of construction for the main vessel is expected to get

sensitised during the life of the plant and therefore, it is

essential to avoid contact of the saline air with the sensitised

stainless steel. Indeed for this very reason the material of

construction for the decay heat removal system has also been

chosen as ICr-lMD Ferritic steel to eliminate the possibility of

sensitisation and inter granular corrosion failure.

<f.6 Containment Capability:

With the design- provisions, core melt down can be considered

as an event of extremely low probability and can be classified as

beyond the design basis. Yet it has been considered in

determining the containment capability of the system. Detailed

analysis has shown that for any of the fuel option, the

mechanical energy releases during Hypothetical Core Disassembly

Accident (HCDA) will be less than 200 Msga Joules.- Energy

release of this magnitude can be absorbed without failure of the

main vessel or the roof slab. Indeed no sodium is expected to be

released to the containment building yet as a design basis, it

has been assured that upto 500 Kgms of sodiim can be ejected

into containment building. This ejected sodium can catch fire

and give rise to over pressure of 200 to 250 milli bars.

The containment building has been designed to withstand such

pressure build up and limit the release to less than 0.1% of the

building volume per hour. The resultant spread of contamination

at the site will be modest and the dose at a distance of 1 JOn.

from the reactor building will be less than 9 REMs.

During the course of studies, it has been observed that

integrity of the primary sodium system is most irrportant for the

safety of UvFBRs. This integrity can be breached by external

10



events like an aircraft crashing on the reactor building or

sabotage or persistant enemy action. The site selection ensures

that the probability of an air craft crashing on the reactor

-8
containment building is less than 1 x 10 per year. Yet it is

considered prudent to provide a containment building which is

mare of a barrier to stop the external objects reaching the

primary sodium system to preserve its integrity. PFER

containment building, therefore, has been designed as an impact

resistant structure.

OJ-OXISICN

In conclusion it is felt that LMFER can be designed very

easily to eliminate anxieties about their safety and no

difficulties are expected in the licensing of these reactors.

I
en
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The Japan Atomic Power Company,
6-1 Ohtemachi 1-chome, Chiyoda-ku, Tokyo 100 JAPAN

ABSTRACT

This work presents a summary view on safety design approaches for the
demonstration fast breeder reactor (DFBR). The safety objective of DFBR is to
be at least as safe as a LWR. Major safety issues discussed in this paper are;
reduction of sodium void reactivity worth, adoption of self-actuated mechanism
in the backup shutdown system, use of the direct reactor auxiliary cooling
system (DRACS), provision of the containment system.

INTRODUCTION

The construction of the prototype fast breeder reactor (Monju) has been
progressing on schedule aiming at its first criticality in late 1992. The design
study of DFBR has been continued by The Japan Atomic Power Company (JAPC)
in cooperation with the Japanese electric power companies, associated research
organizations (Power Reactor and Nuclear Fuel Development Corporation and
Central Research Institute of Electric Power Industry), and reactor vendors.

A commercial FBR in the 21st century must achieve its goal to be at
least competitive and possibly superior in safety as well as economic in
comparison with a contemporary LWR. DFBR is the first step to this goal.
From September 1990 to date, the preliminary conceptual design study has
been progressing to confirm mainly the feasibility of a top-entry loop-type
system. In parallel with this effort, the development goal for the commercial
FBR is under discussion.

This paper presents major safety issues and design approaches
identified so far.

DESIGN FEATURES

The preliminary conceptual design study of DFBR is in progress to con-
firm the technical feasibility of the top-entry loop-type system. It is planed
to complete the general plant design and safety evaluations by the end of
March 1992, focussing on primary and secondary sodium systems. The dis-
tinctive concept of the top-entry loop-type system is the inverted U-shape
piping which connects the reactor vessel, intermediate heat exchanger (IHX)
vessels and pump vessels each other to achieve a compact primary system ar-
rangement as shown in Fig. 1. The following principles are taken into consid-

eration for the design study of DFBR :

- the overall safety level for DFBR should be comparable for a LWR,

- the construction cost should be less than 1.5 times for a LWR,

- high bumup and long operating cycle should be achieved,

- high temperature and thermal efficiency should be attained,

- components in the primary system should be designed to have both
higher maintenance and repair capabilities.

Table 1 presents the major plant specifications of DFBR. At the starting
point of the design study, the electrical output was determined to be
approximately 600 MWe (thermal output of 1600 MWt) with three loops arrange-
ment in consideration of prospects of commercialization. Thereafter the plant
heat balance was fixed on the premises that the reactor thermal output is 1600
MWe and the core exit temperature is 550 °C. The steam temperature and
pressure were optimized to be 495°C/169 atg., respectively, and the gross
electric output was evaluated to be 670 MWe.

Figure 2 depicts the core configuration. The core has equivalent diame-
ter of 2.99 m, 295 fuel assembly and 30 control rods. The maximum sodium
vcdd reactivity worth is 4 $ at the end of equilibrium core.

In designing the reactor vessel and its internals efforts were focussed
on structural integrity and maintenance capability. The box structure was
employed to the core support structure to enhance structural integrity and
reliability. The IHX with primary sodium in the tube side is selected as the
reference design because of smaller heat transfer area which leads the con-
struction cost reduction. As for the steam generator (SG) the integrated
once-through type using 9Cr-lMo steal tube is selected to improve thermal
efficiency. The immersion type DRACS is chosen as the decay heat removal
system (DHRS) in favor of its reliability and economical advantage.

SAFETY DESIGN APPROACHES

Safety features of FBRs arise from the uses of sodium coolant and
higher neutron energ ies are important to examine the safety design
approaches. Some typical features are :

- the use of sodium as a coolant leads significant safety advantages due to
its high boiling point and low operating pressure,

- decay heat can be removed by natural circulation if the coolant pumps
fail,

- crack propagation in a stainless steel FBR pipe would tend to stop be-
cause it would not be driven by a high internal pressure,

- sodium leakage could be detected at an early stage of a local failure,

- sodium burns readily in air and can react violently with water in case of
leaks.



- the void reactivity worth for a large FBR core is positive in all regions
except for the peripheral region,

- a large reactivity insertion might occur in case of coolant voiding and
gross fuel movement.

Based on the consideration of above safety features, the following items
were examined to ensure the safety of DFBR.

A. Core and Core Support Structure

The power coefficients in a FBR are all negative, and they make the
reactor very stable in operation. In most large FBRs, however, the void
coefficient is positive and the core voiding due to an ATWS (anticipated
transient without scram) event might lead a prompt criticality with releasing a
large mechanical energy. Thus the void reactivity worth should be reduced to
a smaller value to suppress the potential for power excursions by ATWSs

The void reactivity worth of DFBR is currently 4 S. This is evaluated
to be small enough at least concerning the mitigation of the power excursion.
In addition the design of a heterogeneous core and the modification of the
power-to-flow ratio patterns in the core region are under investigation to
pursue the further mitigation of CDA (oore disruptive accident) consequences.

Displacement of sodium coolant in the core by gas could give reactivity
increase. Thus entrainment of cover gas from the liquid sodium surfaces must

I be limited by design and the primary circuit must be arranged to permit
m disentrainment of any gas in the sodium. The possible reactivity increase by
w cover gas entrainment, however, is much smaller than that by ATWSs and it is
| considered that gas entrainment does not pose any significant threat

A loss of integrity of the core support structure would lead a large
reactivity insertion and there is a drawback of core structure which is diffi-
cult to make an in-service inspection (ISI) in the sodium environment. It is
necessary to insure the reliability of the pore support structure (CSS) and
prevent its large failure. Thus the CSS design should be made the highest
safety class and the ISI should be applied to ensure its structural integrity.
At the location where the ISI could not be applied, a fail safe structure or a
box structure (a fault tolerance structure), as shown in Fig. 3, will be applied
with proper monitoring systems to find a small defect which may leads to loss
of the safety function of the CSS.

B. Primary Coolant Boundary

Adverse feature of FBRs arise from the use of sodium as a coolant.
Sodium has high chemical reactivity with air and water and its opacity makes
inspection and repair difficult Figure 4 shows the primary boundary of
DFBR. Rapid leakage and flashing of coolant does not occur in FBRs due to
low operating pressure. Thus the guard vessels and enclosures are provided
and designed to resist thermal and mechanical loads by the leakage of sodium.
The atmosphere outside the primary coolant boundary is surrounded by inert
gas to suppress the consequence of the sodium fire. The integrity of the
vessels will be assured by the high quality design and ISI (or monitoring)
systems.

Loss of primary sodium to a level preventing primary circulation is
prevented by the guard vessels surrounding the reactor, IHX and pump
vessels and by enclosing.of all inverted U-shape pipes. As one of the good
characteristics of the top-entry piping system, the sodium leakage from the
inverted U-shape piping above the vessel is limited without the enclosure by
isolating the cover gas system and tripping main pumps.

Considering that the coolant boundary in a FBR is kept low pressure
and its material has enough toughness, the fracture mechanism theory makes
it possible to introduce Leak before Break (LBB) criteria. The break area of
the ex-vessel primary coolant pipe is currently assumed to be 1/4 Dt (D and t
are diameter and thickness of the pipe, respectively) for the design basis
event (DBE) based on the practice of Monju. Furthermore the consequence of
a double ended guillotine (DEG) break on core coolability is evaluated as the
beyond DBE safety evaluation. For the instrumentation piping and the in-
vessel piping, the DEG assumption will be adopted because of the difficulty of
assuring LBB.

C. Reactor Shutdown System

The reactor shutdown system (RSS) is composed of two independent
systems as shown in Fig. 5 (main and backup RSSs). The one rod stuck
margin is taken into account for the reactivity worth for the each RSS. The
main RSS has the performance to lead the reactor power down to the cold
shutdown condition, while the backup RSS has the performance leading to the
hot shutdown condition. The required shutdown margin of the RSSs is under
discussion.

In order to improve the reliability of the RSSs, the simultaneous failure
caused by a common mode must be excluded by having diversity in the detec-
tors for scram signals, control rod insertion mechanisms and the types of
control rods. The control rods of the main RSS is of a conventional solid rod
type, while those of the backup RSS is being considered to be the articulated
type to enhance safety margin ensuring the rod insertion under the large
displacement of the core configuration. For some control rods of the backup
RSS the self-actuated shutdown system will be adopted to exclude a common
mode failure of detective function or insertion mechanism.

D. Decay Heat Removal System

FBRs have an excellent natural circulation capability by the use of
sodium as a reactor coolant. Thus the decay heat can be removed from the
reactor and rejected to the environment by the DHRS without any external
power supply except minimum power supply for dampers and control units.
The potential to remove decay heat by natural circulation is an important
feature of FBRs. The dependence on external power supply and operator
action can be minimized.

For DFBR the decay heat is removed via the secondary heat transport
system and the water steam system for all normal operation conditions. In
some faults such as the loss of off-site power, the decay heat is removed by
the forced convection mode of the DHRS with emergency power supplies from
diesel generators. The main advantage of the DHRS is that the decay heat can
be also removed by the natural circulation mode with no electric power.



Figure 6 presents the DHRS which consists of four loops to ensure
system reliability. The heat removal capacity is tentatively decided to be 14
MW x 4 loops based on the boundary temperature criteria. Safety measures
against a common mode failure and the diversity of the DHRS is under
discussion.

In order to prevent the complete loss of the primary circuit, which is
called a siphon break event, cover gas entrainment should be prevented by
design in all the operational conditions including earthquakes. There is,
however, a possibility that a siphon break would occur if assuming the opera-
tional errors during a certain repair procedure for the primary circuit. Since
the immersed type DRACS will be provided in the reactor vessel as the DHRS,
the repair of the primary circuit should be allowed only after the decay heat
becomes lower enough to remove with the in-vessel natural circulation mode.

E. Containment System

A containment system is provided as a final barrier against releases of
radioactivity to the environment and to prevent the external challenge against
the reactor. There are two ways to define the containment boundary located
under the rcofdeck of the each vessel; one is the guard vessel boundary
serving as a lower containment boundary and the other is the enlarged
boundary comprising the compartments of the reactor, IHXs and pumps. The
latter containment boundary is selected because of its simplicity for the DFBR
design as shown in Fig. 7. Along the inner containment boundary the lining
plate is mounted to assure the leak tightness. The design pressure and
temperature of the primary containment are tentatively determined to be 0.5
kg/cm2-g and 150°C, respectively.

A large sodium release from the reactor vessel to the containment is not
expected, since a simultaneous break for both the reactor vessel and guard
vessel boundaries is considered a residual risk because the high quality
design and enough ISI methods will be applied to assure the integrity of
those vessels.

If the reactor is not shutdown during a loss of flow event, the core
might exceed a prompt criticality due to voiding and releases a large mechani-
cal energy. An expanding high pressure bubble would drive the sodium above
the core upward direction. The sodium would impact on the roofdeck and
would be ejected to the upper containment through gaps possibly opened due
to the sodium slug impact. The ejected sodium reacts with oxygen in the
atmosphere of the upper containment and results in increasing the containment
temperature and pressure.

A safety margin of the containment system will be evaluated including
the above hypothetical severe core damage (HCDA). In the course of HCDA, a
large mechanical energy is released and challenges to the roofdeck. The
energy is assumed to be less than 150 MJ according to the preliminary evalua-
tion results by the SAS-3D and SIMMER-II codes.

safety design approaches are examined from the point how to demonstrate that
FBRs would be as safe as LWRs.

In the early stage of FBR commercialization, it is important to make more
efforts for the improvement of FBR safety features. For this purpose, passive
safety features for the reactor shutdown and the decay heat removal system
are. under consideration to enhance the inherent safety characteristics. In
planning long-term safety development it is necessary to consider trends in
licensing for all nuclear plants and to note that for FBRs an important safety
requirement will be to compare with future LWRs.

Activities covered by JAPC were under the sponsorship of the nine Japanese
electric power companies, Electric Development Company and JAPC.

CONCLUDING REMARKS

DFBR is scheduled to be constructed in the late 1990's to proof high
reliability and low fuel cycle cost. In this paper major safety issues and



Table 1 Major Specifications of DFBR

Item

1. Reactor type

2. Thermal output

3. Number of loops

4. Reactor outlet temperature

5. Steam condition

6. Core, Fuel

(1) Core type

(2) Fuel type

(3) Burnup

(4) Breeding ratio

7. Core support method

8. Vessel wall thermal

protection method

9. Upper core structure

10. Intermediate heat exchanger

11. Primary pump

12. Steam generator

(tube material)

13. Reactor shutdown system

14. Decay heat removal system

15. Reactor containment

16. Fuel handling system

17. Fuel transfer sysmet

18. Spent fuel storage

19. Spent fuel cleaning method

20. Reactor building

Specifications

Top-entry loop-type

1600 MWt (Electric output: approx. 670 MWe)

3 loops (approx. 530 MWt/loop)

550'C

495 'C / 169 atg

Homogeneous core / Axial heterogeneous core

Pu—U mixed oxide fuel

90 GWD/t (Initial stage core)

150 GWD/t (High burn-up core)

with blanket: 1.2 , without blanket: 1.05

Lateral support

Cold sodium circulation

Non-separation type

Primary sodium in tube side/

Primary sodium in shell side

Single stage / single suction

Once through herical coil type

(Mod. 9Cr-lMo steel)

2 independent system

DRACS

Low pressure type (Steel lined rectangular

concrete containment facility, with

emergency gas treatment system)

Double rotating plug,

in-vessel relay refueling method

Rotating chamber, chuting method

In-vessel storage

Dry gas cleaning method

Aseismic building (Embedded in rock)
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PASSIVE AND ENGINEERED SAFETY FEATURES
OF THE PROTOTYPE FAST REACTOR (PFR), DOUNREAY.

C V Gregory
UKAEA, Dounreay, November 1991

INTRODUCTION

PFR combines passive and engineered safety features. Natural circulation,
a strong negative power coefficient, the decay heat removal system, and a
fuel design able to operate beyond failure are all inherent and passive
safety features of the PFR. The reliable shutdown system and the
protection provided against SGU leaks are examples of engineered
protection.

PASSIVE FEATURES

(i) Natural Circulation

Between 1975 and 1979 a series of natural circulation experiments were
carried out on PFR. The results are shown in Figure 1 and demonstrate that
under loss of pumped flow PFR can remove the decay heat (20 MW) from the
core through natural circulation without exceeding normal operating
temperatures.

Detailed interpretation of the data from PFR using the ASTEC code showed
that the flow patterns were not straightforward and indeed within certain
sub assemblies flow recirculation was occurring. This implied that even
if the inlet flow to the sub assembly was totally blocked heat could still
be removed. Further calculations confirmed this conclusion. See figures
2-5.

(ii) Power Coefficient

PFR has a strong negative power and isothermal temperature coefficients.

One implication of this is that were PFR to lose forced coolant flow in its
primary circuit and fail to trip, an exceptionally low probability event,
the coolant outlet temperature would rise initially but plateau then
decrease as the reactor power decreased as a result of the power and
temperature coefficients. For PFR the mean coolant outlet temperature
under these circumstances is less than saturation, ie large scale coolant
boiling would not occur.

A second implication is that were PFR to lose its heat sink, again without
tripping, the reactor would shut down at an average pool temperature of
between 600 and 650 deg C.

(iii) Decay Heat Rejection

In PFR decay heat can be removed via the secondary circuits and the steam
plant or via a decay heat rejection (DHR) system. The DHR system is
comprised of coils in the upper part of the intermediate heat exchangers
through which NaK passes and is piped to air heat exchangers on the side
of the reactor hall. The system is almost completely passive, there are
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no valves, no pumps and no trace heating.

(iv) Failed Fuel

There have been 21 separate fuel failure incidents in PFR (in some cases
several pins have been involved) . PFR allows operation to continue with
failed fuel in the core subject to the delayed neutron signal being below
previously determined limits (several hundred cm^ equivalent recoil area) .

The failures typically behave as gas leakers for between 1 day and more
than 3 weeks before emitting delayed neutron precursors. Fuel has remained
in the core until the next planned shutdown, typically 5-30 efpd after
first providing a delayed neutron signal.

Examination of the fuel shows only very little sign of fuel loss and no
evidence of propagation of failure from one pin to adjacent pins

At the end of DFR's life a series of experiments were carried out using PFR
fuel. In these experiments sub assemblies were subjected to load boiling
(downstream of a partial plate blockage in the fuel bundles) and to bulk
boiling (throttling of the inlet flow to the sub assembly) for many hours.
After each period of boiling the experiment was allowed to remain in the
reactor until the completion of the run. Whilst boiling led to fuel
failures there were no signs of a 'sub assembly incident' developing
through further blockage.

ENGINEERED SAFEGUARDS

(i) Shutdown system

Shutdown systems have to be reliable. PFR's absorber rods have been called
upon approximately 3000 times without once failing to insert all their
reactivity.

It is necessary to test the rods once per week to ensure that build up of
aerosol does not interfere with performance.

In order to provide diversity the PFR rods have a spectron of ages, it is
not permitted to change all the rods at once.

(ii) Steam Generator Leak Protection

Following the large under sodium leak in superheater 2 in 1987 PFR
thoroughly reviewed its engineered safeguards related to sodium/water
reactions.

Figure 5 shows the outcome of that review. In particular it was necessary
to provide diverse designs of bursting discs in the effluent system, to
install a very high reliability isolation system between the steam drums
and the evaporators, and to install a working under sodium hydrogen
detection system.

SUMMARY

Experience at PFR demonstrates the worth and potential of a range of
passive and engineered safeguards.
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FIGURE 3
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INTERNATIONAL WORKING GROUP ON FAST REACTORS

Specialists Meeting on Passive and Active Safety

Features of Liquid Metal Fast Reactors

Oarai Engineering Center, PNC, Japan

5-7 November 1991

THE STATUS OF WORK IN THE USSR ON USING INHERENT SELF-PROTECTION

FEATURES OF FAST REACTORS,OF PASSIVE AND ACTIVE MEANS OF SHUTDOWN

AND DECAY HEAT REMOVAL SYSTEM.

Yu. K. Buksha,

Institute of Physics and Power Engineering,

Obninsk, USSR

INTRODUCTION

In the development of fast reactors in the USSR , three stages

can be outlined. The first of these, which includes in itself the

solution of scientific, engineering and technological problems,

the development and testing of the reactor and its main equipment,

the demonstration of this equipment reliability and safety under

commercial operation conditions has been successfully completed.

The second stage includes the solution of scientific,

engineering and technological problems of the external cycle, the

development of the whole complex "reactor units - fuel cycle

plants" , the demonstration of reliability and safety of the

complex in the process of its operation. Within the frames of this

stage, the BN-800 reactor design was developed. Putting this

reactor into operation will be an important step in solving

nuclear power problems.

Approaches to ensure NPPs safety, the criteria and limits

determining the boundaries of technically feasible means for

personnel and population protection from irradiation in case of

emergency situations, are being steadily advanced in compliance

with both the level of scientific and technical development and

social conditions in a particular country or region.

After the Chernobyl NPP accident, of especially high priority

became the improbable, beyond design basis accidents which

include: unprotected transient overpower (UTOP); unprotected loss

of flow (ULOF); loss of heat sink; propagation of an accident in

an individual fuel subassembly to the whole core. Combinations of

these are also possible. Regulatory documents adopted after the

accident at the ChNPP demand that the assessed probability of a

severe core disruption (meltdown) accident must not be above

10~5l/reactor-year, and the probability of a radioactivity release

beyond limits specified by these regulations to be not higher than

10 1/reactor-year.

To resolve these problems one can employ the extensive as well

as intensive methods. Until now, safeguarding the safety was

performed extensive, mainly, methods, at the expense of highly

conservative design approaches, by building up protection systems

in number and making them redundant. Such an approach to safety
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problems has a negative effect upon economic characteristics of

reactors.

Recently, intensive studies on the concept of reactor

self-protection, based on inherent reactor safety features

features and passive safety means, has begun. In connection with

this, it seems necessary to determine what would be a reasonable

combination of conventional methods of solving safety problems

mainly on the basis of active means, with those defined generally

by the term of "passive means".

Therefore, the third stage of fast reactor development in the

USSR is connected with research and development of means for

further increasing of safety and economic efficiency of reactors

and fuel-cycle plants, for reducing to a minimum of their effect

upon population and environment. Until now, there is still no

clear and well-defined overall concept of safety for the next

generation of fast reactors, which should include means to achieve

high safety characteristics. It is likely that this cannot be done

as far as the safety problems can be solved by different methods

depending on reactor power and purposes for which it is designed.

Below is given a short review of the current status of works

in the USSR on the subject of the meeting.

BN-800

In 1990-1991 this reactor design was undergoing expertise in

various scientific and state commission and committees. By the end

of 1991 work on modification and revision of the project in

compliance with experts remarks is expected to be completed. Main

activities performed in the safety area, in accordance with

experts' decisions, is summarized as follows.

An extended list of postulated beyond design basis accidents,

which includes ten types of accidents,has been analyzed . The

main of them are:

- loss of off-site and on-site power supply;

- unprotected loss of flow (ULOF);

- leak of main and safety reactor vessels;

- impact of aircraft upon the reactor building;

- overall plant fire with safety systems damage;

In accordance with codes and specifications in the USSR, by

the beyond design basis accident is implied an accident with more

than one failure in safety systems. Then, it is required that the

probabilities of core meltdown and radioactivity release outside
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the reactor in such quantities, that would result in irradiation

of population, for the first year's exposure at a distance of 25

km from a NPP, by doses above 10 rem (external irradiation) and

30 rem ( child's thyroid), shall not be exceeded.

For the expertise, the reactor design with core of

conventional arrangement and positive sodium void effect of ~ 2 %

dk/k was submitted. An analyses of the loss of flow accident for

this design, combined with the safety system failure, has shown

that the regulations requirements are met. Nevertheless, the

Commission of the USSR Academy of Sciences required to develop the

reactor core with a negative or close to zero sodium void effect

of reactivity. Now such a core has been developed. Its

characteristic feature is that the upper axial blanket in it has

been replaced by a sodium layer and thin boron carbide shield..

The void effect of reactivity for such core is about zero.

Despite the nil sodium void effect of reactivity, in addition

to the existing systems there are introduced three absorbing rods

based on passive principles. To prevent sodium boiling in the

BN-800, it is sufficient to introduce a negative reactivity of 0.8

% dk/k. These rods cannot be considered as an alternative safety

system of the reactor, because at present it is impossible to meet

all those numerous requirements of codes and specifications which

are imposed upon the safety system. Therefore, these rods are

considered as additional means of reactivity control, for the

beyond design basis accident management.

In accordance with the regulations, the management of the

beyond design basis accident is interpreted as "the actions aimed

at preventing the development of the design basis accidents into

the beyond design basis ones and at mitigation of their

consequences. For these purposes, any available operating

technical means shall be used, designated for

ensuring the design basis accident safety , or those designated

specifically for mitigation of the consequences of beyond design

basis accidents".

The development of the "passive" rods concept has been

concentrated, mainly, upon the hydraulically supported rods and

upon temperature sensitive devices based on Curie point magnet and

shape memory alloy (for more details see below). Most advanced now

are works on hydraulically suspended rods whose introduction would

not call for any considerable revision of the design. For this

purpose it is intended to use regular safety rods which are to be

raised up in upper position by use of standard drives and which

are to be disengaged from the grip at a coolant flow rate through
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the core not lower than 60% of the nominal one. These rods will

fall into the core by gravitational force and shut the reactor

down when the coolant flow of the reactor is interrupted by

loss-of-flow event.

In order to exclude any introduction of positive reactivity as

a result of uncontrolled withdrawal of compensation rods, their

control circuits were also modified. Their automatic operation

mode has been changed for the manual remote mode. The operator can

control only one rod at a time. The possibility of all. rods

simultaneous upward movement is precluded.

Despite the measures taken for increasing the BN-800 safety,

one cannot exclude a probability (even a minor one) of core

meltdown. The reactor vessel has been designed for mechanical

effects arising at molten fuel-sodium interaction. To prevent the

melting through of the vessel bottom by core debris, an internal

retention device for molten core masses was incorporated into the

design. This catcher is cooled by sodium circulating from the

intermediate heat exchangers through special tubes.

The BN-800 decay heat removal system including air heat

exchangers comprises a lot of active elements: electromagnetic

pumps, gates, valves. However,as was shown by calculations, in

case of their failure no dangerous sodium temperature increase

occurs during 24 hours owing to natural sodium circulation, heat

losses from piping and steam generators and heat accumulation in

the circuits as well. This time period is enough for carrying out

appropriate active actions.

As a whole, the modification of the BN-800 design is directed

towards using the passive methods for increasing its safety.

CURRENTLY DESIGNED REACTORS.

In the USSR, a search for the most acceptable (from the

economics and safety viewpoint) reactor versions with a wide range

of power, from 150 MW(e) (modular-type reactors) to 1600 MW(e) is

in progress.

BN-1600

The concept of this reactor is based upon the requirements of

ensuring close-to-zero sodium void effect of reactivity and of

minimizing the burn-up reactivity swing. The latter is connected

with a desire to reduce a risk of a positive reactivity insertion
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due to uncontrolled withdrawal of compensation rods.

The possibility of achieving a zero burnup reactivity swing

between reloading campaigns (intervals of the order of one year)

has been studied sufficiently well and no fundamental difficulties

arise in case of fuels of higher densities

(carbide,nitride,metallic). The studies performed have shown that

this can be also achieved while using oxide fuel within

sufficiently simple heterogeneous arrangement with an axial

breeding layer of metallic uranium. An additional condition for

this arrangement is the use of fuel subassemblies with perforated

ducts that allow to reduce the amount of steel.

As to the sodium void effect of reactivity, its positive value

is connected with the principal properties of the large cores

regardless of type of fuel employed.

The way out of such a situation can be the location, immediately

above the core, of a sodium layer with small steel content, which

would increase the negative component of the void effect due to

neutron escape from the core.

The studies conducted have shown a feasibility of creating the

core with both sodium void effect of reactivity and burn-up

reactivity swing close to zero. The main features of such core are

as follows:

- the use of higher density fuels: nitrogen-15 or carbide ones;

- the provision, immediately above the core, of a sodium layer,in

which only fuel subassembly ducts and sodium are presented;

- the use of fuel subassemblies with perforated thin-walled

ducts.

In the studies, both homogeneous and heterogeneous (with an

axial interlayer) arrangements of cores with various fuels were

being considered.

Main results of these studies are presented in Fig.l in a

generalized form. One can see from this figure that the best way

to

solve this problem would be to use nitride (nitrogen-15 based) or

carbide fuel. Next to this solution would be to employ the nitride

fuel based on natural nitrogen. This analysis was carried out for

gas-filled fuel elements. In case of sodium-filled fuel elements

with metallic fuel and so with upper position of gas plenum it was

found impossible to achieve zero void effect together with zero

burnup reactivity swing.

For the well-grounded choice of a fuel type for advancedfast

reactors it is necessary to perform analysis ofreactivity effects

in the cores, and characteristic features of their manifestation

under transient and emergency conditions. The comparison of

various fuel types by their temperature effects on reactivity has

shown that only metallic fuel has an appreciable distinction from
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oxide fuel. It consists in a greater value of the sodium void

coefficient of reactivity and in a lower Doppler effect.

Evaluations of quasi-stationary states of reactor by the

reactivity balance have revealed that for the ULOF accident, when

oxide, carbide and nitride are used, the reactor parameters vary

in a similar manner.

Without enhancement of the reactivity feedbacks, relevant, for

example, to the expansion of grip rods and control rods, or caused

by some other design features, one cannot avoid sodium boiling at

such an accident, if these fuel types are used in the BN-1600

reactor. So, once the metal fuel is considered to be worse in the

UTOP accident, then one can say that for a large reactor no type

of fuel has any distinctive advantage from this point of view.

To increase self-protection of the reactor, it is necessary to

increase those negative components of the temperature effects of

reactivity which are caused by an increase of temperatures of

coolant, fuel element, claddings, fuel subassembly ducts. However,

an analysis of asymptotic correlations between feedback

characteristics can give us erroneous results, because excessive

strengthening of the reactivity feedback can result in reactor

instability.

A danger of instability especially increases in the reactor

regime with low flow rates. An analysis has shown that enhancement

of the temperature effects constituents, especially those in a

critical reactor under natural circulation conditions, can result

in auto-oscillations. The character of the oscillations depends on

the phase shift between the initial perturbation and temperature

response. Calculations have shown that amplification of reactivity

feedback, caused by those components which responds to the initial

perturbation with a considerable phase shift, cannot ensure

reactor self-protection. This circumstance calls for a careful

analysis of the feedback components connected, for example, with

thermal expansion of control rods and their movement relative the

core.

BN-1600 reactor concept provides the use of two independent

groups of safety rods, one of which is based fully upon the

passive principles of operation. This group of passive rods should

meet all the requirements of codes and specifications on the

safety system efficiency with account for one rod failure in

operation, its monitoring, etc.

The decay heat removal system takes an important place in the

BN-1600 reactor concept. This system should ensure decay heat

removal at a loss of water feed to steam generators. This system

includes autonomous heat exchangers installed in the upper reactor

plenum, and air heat exchangers. A basic point of the concept is

the provi sion of natural circulation of sodium in the primary and

secondary circuits, and of air through the heat exchanger. At

present, the problem of control of air flow rate through the air

heat exchanger is under discussion.

Two solutions are considered. In the first solution, when

reactor operates on power, the air gates are fully open, i.e.,the

decay heat removal system is continuously in the operating state,

so no active actions for its putting into operation would be

needed. The gates are used only after reactor shutdown, in the

period of its cooling down, to prevent the sodium temperature drop

below allowable one. A disadvantage of this solution are constant

heat losses, which could amount to ~ 100 MW during reactor

operation.

In the second solution, at on-power reactor operation the gates

are partially open. Its full opening is done by a passive drive of

direct action, such as increase of pressure or change of sodium

level in the expansion tank of the intermediate loop of the decay

heat removal system, in case of sodium temperature rise in this

loop. In this case no other active or passive (with moving parts)

elements are used, and no action of operator or of any automatic

systems is required.

After an incident with sodium leakage in the spent fuel storage

drum at the SPX-1 reactor, more attention of regulatory bodies

and public was drawn to accidents of such type. In the USSR, at

present, the leakage of the main and safety vessels is considered

as a beyond design basis accident. In the BN-1600 design concept

it has been assumed that at such an accident, with the duration

of a few hours, sodium drains from the reactor vessel into its

vault. Inter-space volumes between the main vessel / safety vessel

/ vault are such that the sodium level does not come below

subassembly heads. Sodium circulation in the primary circuit is

discontinued. Decay heat removal from the core is done by

intermediate heat exchangers owing to sodium natural circulation

in the core and combined effect of heat conduction and convection

in the sodium layer between the core and heat exchangers. In this

case no heating of the reactor vessel beyond allowable

temperatures should occur.

Despite all measures to prevent core meltdown, such an

accident cannot be completely precluded; therefore, as the last

boundary, preventing fuel escape from the reactor, is the internal

catcher on which debris of the molten core would settle and cool
down.
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As may be seen from the above, the BN-1600 concept is aimed at

increasing the role of intrinsic properties of self-protection and

passive means for ensuring its safety.

The realization of these technical measures will facilitate a

reduction of the probability of radioactivity release beyond

allowable limits outside the reactor boundaries, during beyond

design basis accidents,

1/reactor-year.
to the level of 10-8 10-9

Modular Reactors

Preliminary design studies for a reactor of small-power (~ 400

MW(th)) have been carried out. Four types of reactor's modular

arrangements have been considered:

- arrangements within a vertical vessel with intra-vessel

radiation shielding;

- arrangements within a vertical vessel, with improved natural

circulation of sodium in the primary circuit and without

intra-vessel shielding, the role of which is played by a sodium

between the core and heat exchange equipment;

- arrangements with placing the core and primary circuit heat

exchange equipment within separate vessels connected by short

pipes (semi-integral type);

- arrangements with placing primary equipment within a

cylindrical

horizontal vessel.

The reactor design and arrangements were analyzed from the

viewpoints of both safety and economics. One of economic

requirements is the provision of a possibility to transport the

prefabricated reactor vessel by water and/or by trailers.

From the safety point of view, on this reactor are imposed all

requirements shown above for the BN-1600 reactor. Additionally,

the developers' attention is brought to the task of ensuring

inherent safety features of the oxide-fueled core, namely, the

appropriate reactor power decrease and limitation of its

components' temperature rise to permissible level,in case of a

loss-of-flow accident and unprotected transient overpower without

any active actions. Enhancement of negative reactivity feedback

required in this case can be ensured by:

- smaller dimensions of the core, which should result in an

increase of absolute values of the geometry-dependent

constituents of the temperature coefficient of reactivity

(while rector power decreases from 800 MW(e) to 100 MW(e)

with the same specific power density , the axial component of

reactivity increases ~ 3 times and the radial one by ~30%);
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optimization of subassembly design; introduction of a

"flexible" core restrain round the periphery, securing the

appropriate radial expansion of the core when sodium outlet

temperature increases;

- lower specific power densities of the core and, as the result

of it, of the fuel temperature and the fuel negative Doppler

effect ;

- ensuring of low-inertia heating of control and safety system

actuators' bars by sodium leaving the core.

The most important requirement for such type of reactors is to

ensure their emergency cooling down by heat removal from the

reactor and steam generator vessels with natural circulation of

air.

The reactor decay heat removal system should meet the

following criterion: for those accidents, the number of which for

the reactor life time is more than 1, the reactor cooling down

should proceed with sodium and reactor vessel temperatures not

exceeding the nominal values; for accidents with recurrence of 1

or less for the reactor life time, a prolonged temperature rise on

the reactor vessel, up to 700°C, is permissible, but no sodium

boiling within fuel subassemblies and no loss of tightness of the

main and safety vessels may take place. However, securing the

reactor inherent safety comes in conflict with its economic

characteristics, since the incentive to reduce the weight of

reactor steel components leads to reduction in the external heat

exchanging surfaces and in heat capacity of circuits. To assure a

protracted cooling, it is necessary to have specific area of heat

removal from the vessel of " 0,9 - 1,0 m2/MW(th) and specific heat

capacity of the primary circuit of 1,5-2,0 Mj/MW(th)°C. Therefore,

a careful analysis on the optimization of these problems is still

to be done.

Other types of reactors.

At present, design studies for a number of reactors differing

in their capacity and purposes are underway in the USSR.

So, in addition to reactors considered above, reactors of 600

MW(e), 1000 MW(e) power are being analyzed. Besides, an idea of

creating the reactor-"burner" for actinides is being considered.

In such a reactor it is rather difficult to achieve a close to

zero sodium void effect of reactivity, therefore some requirements

on inherent safety, considered above, may be put aside.
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SELF-ACTUATED SHUTDOWN SYSTEMS.

The development of self-actuated shutdown systems is aimed to

creation of three types of devices based on passive principles: a

device actuated by reactor coolant flow rate reduction; a

temperature sensitive device based on Curie point magnet; a

temperature sensitive device based on shape memory alloy.

In capacity of reactivity control means, the absorption rods

are used. As was already mentioned above, for the BN-800 reactor

it is intended to use hydraullcally suspended rods. At present, a

prototype device is being tested in a hydraulic rig. This device

includes a standard sleeve and an assembly of absorption rods, of

16 kg by weight. The device design has such hydraulic

characteristics that ensure of rods to stay in the lowered

position at nominal sodium flow rate, and holding them in the

upper position after their engagement, withdrawal and

disengagement, when sodium flow rates are of 60% of the nominal

one. This device has been patented. Testing of this.device at the

BN-600 reactor is planned for the year 1992..

Two devices with hydraulically supported rods confined

completely within a fuel subassembly (absolutely passive ones) are

tested in the BR-10 reactor. The time of their insertion into the

core is 1,2 sec. and 0,7 sec, respectively. On completion of

dynamic tests in 1992, they will be incorporated into the standard

safety system.

The main requirements to temperature sensitive devices are the

temperature of actuation of 650-670°C, time response not more than

5 sec. A device with such characteristics is able to prevent

sodium boiling, when its temperature rise at subassembly outlet is

~ 30°C/sec. To meet these requirements, and to exclude any

mechanical connection between core with below-the-core structures,

the absorption rods will be positioned inside a standard fuel

subassembly with a short fuel bundle.

Based on specified geometry, a device actuated by attaining

the magnet Curie point has been developed. The magnet and screen

145 x 40 mm in size, when tested in the gaseous atmosphere,

demonstrated the load capacity of " 8,2 kg at room temperature and

~ 2,8 at a temperature of 680°C. Now this device is being prepared

for durable testing in a sodium rig with simulation of operation

and emergency conditions. Specimens of magnet material are put in

in the BR-10 reactor for irradiation.

As to the device based on shape memory alloy, the Ti-Ta and
Ti-Ta-Hf alloys and specimens of them with a temperature of shape

recovery of ~650°C have been obtained now. At present their
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corrosion and mechanical testing is being carried out. A method

for shaping the material as applied to different rod designs is

being developed. At the same time, works on producing a

titanium-based alloy with addition of rhodium, which would have a

required shape memory temperature are being conducted. By the

beginning of 1992 it is planned to make a final choice of alloy

type and actuator design.

CONCLUSION

Extensive studies on fast reactors safety, aimed at increased

intrinsic safety features and introduction of passive safety

means, are under way in the USSR.

A design of the BN-800 reactor core with a close-to-zero

sodium void effect of reactivity has been developed, complementary

reactivity control means, based upon passive principles, are being

implemented.

As a whole, after the Chernobyl accident, the preference is

given in the USSR to the "passive" foolproof methods of safety.

Our resolutions in this direction may possibly seem to be somewhat

excessive, but -after "having been once bitten we have to be twice

shy", and this may result in some losses in reactor economical

characteristics.
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Sodlum void effect of reactivity and
burnup reactivity swing (Ak/k) for

the cores with various fuels.
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1 - nitride (with N-15)
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3 - metal (Pu-U- 10 Zr)
4 - nitride (natural nitrogen)
5 - oxide-metal
6 - nitride

G - homogeneous arrangement;
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A - homogeneous arrangement with common ( wrapped) fuel

subassemblies;

Fig. 1
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ABSTRACT

The cornerstones of the United States Advanced Liquid Metal Cooled Reactor
(ALMR) program sponsored by the Department of Energy are: the ALMR plant
design program at General Electric based on the PRISM (Power Reactor
Innovative Small Module) concept, and the Integral Fast Reactor program (IFR)
at Argonne National Laboratory (ANL). The goal of the U.S. program is to
produce a standard, commercial ALMR, including the associated fuel cycle. The
paper addresses the status of the IFR program, the ALMR program and the
interaction of the ALMR program with the regulatory environment.

INTRODUCTION

The top-level objectives of the U.S. fast reactor program remain safe and licensable reactor
designs obtained without unnecessary cost penalty. Major changes in the U.S. program have
occurred since the termination of the Clinch River Breeder Project in the early 1980's.
Significant events over the last several years in the U.S. have included:

1. Emergence of the Integral Fast Reactor1 (IFR) concept developed at Argonne
National Laboratory as a prominent element in LMR technology development in
the U.S. Utilization of a pool-type primary system, metal fuel, and sodium
coolant in the IFR concept have had a major impact on the safety research and
development in the U.S.

2. Completion of pre-application licensing reviews of the General Electric Power
Reactor Innovative Small Module2 (PRISM) and the Rockwell International
Sodium Advanced Fast Reactor (SAFR) by the NRC. A draft Safety Evaluation
Report was issued for the PRISM concept in September, 1989 by the NRC.3

3. Completion by General Electric of the amendments to the Preliminary Safety
Information Document to address all 18 issues raised by NRC in their draft Safety
Evaluation Report in June 1990.

4. Completion of major test programs on passive decay heat removal and on seismic
isolation.

5. Recognition of the actinide burning capabilities of the LMR as an significant
factor in the overall safety of nuclear power.

In each of the above areas we will report the status, the achievements and the future direction.
Considerable additional detail can be obtained from the references.

INTEGRAL FAST REACTOR AT ANL

The Integral Fast Reactor (IFR) is an advanced liquid-metal-cooled reactor concept being
developed at Argonne National Laboratory. The two major goals of the IFR program are
improved economics and enhanced safety. The IFR program is specifically responsible for the
irradiation performance, advanced core design methodology, safety analysis and testing, and
development of the fuel cycle (including the fuel cycle facility) for metal fuel for the U.S.
Department of Energy Advanced Liquid Metal Reactor Program. The basic elements of the IFR
concept are: (1) metallic fuel, (2) liquid sodium cooling, (3) modular, pool-type reactor
configuration, (4) an integral fuel cycle, based upon pyro-metallurgical processing and injection-
cast fuel fabrication, with the fuel cycle facility collocated if so desired.

In the IFR concept, the liquid sodium coolant operates at atmospheric pressure, and maintains
a design point margin to boiling greater than 400K (700°F). This eliminates the need for a
pressurized primary system and the associated thick-walled pressure vessels. With its high
thermal conductivity and specific heat capacity, liquid metal cooling enables the IFR to operate
at decay heat levels in natural circulation, without the need for forced flow. Liquid metal
cooling permits a compact core configuration that complements the neutronic advantages of metal
fuel and an enhanced fast neutron energy spectrum. These response characteristics are achieved
by use of inherent mechanisms, hydraulic, and neutronic reactor system properties, which are
determined by the choice and arrangement of reactor materials.

The most significant safety aspects of the IFR program result from its unique fuel design. A
ternary alloy of uranium, plutonium, and zirconium, developed at Argonne, is based on
experience gained through more than 25 years of the EBR-II reactor operation with a uranium
alloy metallic fuel.

This work was performed under the auspices of the U. S. Department of Energy under Contract
No. W-31-109-ENG-38.



to

The IFR safety approach capitalizes on the characteristics of metallic fuels and of pool-type
liquid metal reactors to provide enhanced safety margins. The fundamental safety approach
guiding the IFR program and its application in the ALMR design is:

1. A simple, economic, high quality fuel system must be developed which will allow normal
operation of reprocessed fuel with minimal fuel failures.

2. The metallic fuel system must be tolerant of fuel failures and local faults.

3. The reactor design must be such that for any system failure, including those in the
balance of plant, no active systems have to operate to maintain the reactor in a safe state.

4. Even though the reactor can achieve passive shutdown for any system failure, the reactor
should be provided with redundant and diverse safety grade shutdown systems.

5. The reactor should be provided with redundant and diverse decay heat removal systems
designed such that at least one of them would be able to remove decay heat considering
a full range of events such as a large secondary-side sodium fire.

6. To provide a level of safety consistent with the high level of safety achieved for
protection from internal events, the reactor should be designed for a low level of risk
from external events, i.e., earthquakes.

7. To provide defense-in-depth, the reactor/containment design must include features to
mitigate the consequences of core melt accidents.

8. The LMR fuel cycle design and reduction of the long term LMR waste problem by
actinide recycle must be an integral part of the safety posture in reducing risk from IFR
operations.

9. The fuel cycle design must be responsive to the U.S. goals for proliferation resistance.

Major advances by the IFR program are as follows:

Increased Burmip - Fuel elements of U-19Pu-10Zr in HT9 (ferritic) and D9 clad have been
irradiated in EBR-II to 17.7 at.% and 18.4 at.% bumup, respectively as of June 1991.

Testing of Metal Fuel Pins in FFTF - Three subassemblies of metal fuel with an active fuel
column of 0.91 m (36 in.) are currently under irradiation in FFTF and a fourth assembly, IFR-1,
was discharged and is undergoing post-test examination. Burnups have reached 12.1 at. % and
10 at. % for the ferritic clad (HT9) and austenitic clad (D9) pins, respectively.

Fuel-Clad Compatibility - Metallic fuels can interact metallurgically with iron-based cladding
materials. During normal operation, the solid-state inter-diffusion is roughly equivalent to the
wastage in ceramic pins due to fission product attack. Two major out-of-pile test programs on
irradiated fuel are underway at ANL to investigate the impact of fuel-clad eutectics. They are
the Fuel Behavior Test Apparatus (FBTA)4 and the Whole Pin Furnace (WPF) Tests.5 The

FBTA apparatus tests a short segment (-1 cm) of an irradiated element to determine the cladding
penetration by the fuel clad eutectic. The WPF program can test the combined effects of clad
thinning, eutectic penetration, and fission gas loading upon clad integrity on elements irradiated
in EBR-H. The results of the data indicate very low rates of penetration at 800 C. The results
indicate that during transient heating, cladding penetration by liquid fuel-cladding eutectic can
contribute to cladding failure only by thinning the wall.

Run Bevond Clad Breach Experience - Six Run Beyond Clad Breach (RBCB) experiments with
predefected metal fuel (predefected by clad thinning) have been completed with breach time of
up to 223 days without observable fuel loss or opening of the breach site. Post test inspection
indicated a pin hole defect in the pre-thinned area. A natural breach in the fuel column of an
aggressively-designed (low plenum volume) fuel element (U-19Pu-10Zr/D9) has been observed
at 16.8 at. % bumup with similar breach behavior. Ternary-alloy fuel with natural breaches have
operated for up to 35 days without deterioration of the breach site.6

Transient TREAT Reactor Testing of Metal Fuel - Six experiments have been performed in
the TREAT transient reactor to determine margins to fuel pin failure, failure location, associated
mechanisms and consequences and to characterize pre- and post-failure fuel relocation in a
overpower transients. Three tests (M2, M3, and M4) were carried out using EBR-II driver fuel
pins with U-5 Fissium fuel. Three similar transient overpower tests (M5, M6, and M7) have
been performed, using five D9-clad U-19Pu-10Zr fuel pins with burnups up to 10 at. % and one
low-bumup HT9-clad U-lOZr fuel pin. Two of the ternary fuel pins were tested to failure.
Additional TREAT tests will be performed to expand the database for IFR reference fuels with
various cladding types to higher burnups. The general results of the tests7 are that metal fuel
has a large margin to pin failure (about 4 times nominal power in an 8 second period overpower
transient), with significant molten fuel extrusion into the plenum region (a significant negative
reactivity contribution). A seventh experiment, M8, has been initiated this last year with
initiation of calibration tests in TREAT.

EBR-II Core Conversion to IFR Prototype Fuel - The EBR-II core has been full converted
to IFR prototype U-lOZr fuel. Upon completion of the Fuel Cycle Facility the EBR-II fuel will
be converted to U-20Pu-10Zr fuel in HT9 clad.

Anticipated Transients Without Scram/Core Melt Prevention - Metal fuel, with its high
thermal conductivity, low stored Doppler, and high breeding potential allows the design of a
reactor with the passive response to anticipated transients with scram. Accomplishments in this
area include:

a. Twelve years of thermal-hydraulic testing at EBR-II culminated in April 1986,
with the completion of the Inherent Safety Demonstration Test series.8 The results
provided a prototypic demonstration of the inherent safety features of the IFR
concept. These features include: (1) passive removal of decay heat by natural
circulation, (2) passive reactor shutdown in an unprotected (i.e. without scram)
loss-of-heat-sink accident. These tests are to be repeated in 1995 with reprocessed
IFR fuel in the reactor.
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b. Extensive development and validation of the SASSYS code system9 has been
completed with special emphasis upon the radial expansion modeling. The EBR-II
and FFTF plant testing where integral parts in the validation of SASSYS. Analysis
using the SASSYS code system have shown that these passive safety performance
characteristics can be achieved in a large 1300 MWe10 and also in a 600 MWe low
sodium void worth core.

Completion of a Probabilistic Risk Analysis PRA for EBR-IT - Argonne National Laboratory
has completed Level 1 PRA for the EBR-II." The core damage frequency as a result of internal
events for EBR-H compares very favorably with the best of the Light Water Reactors.

Local Faults - A program is being developed to fully demonstrate the local faults tolerance of
metal fuel. The basic elements will address: a) demonstration of detectability, b) demonstration
of no fast propagation, and c) demonstration of no subassembly to subassembly propagation.

Severe Accidents - The probability of core meltdown is exceedingly remote with a metal fueled
reactor; however, despite all possible design measures taken, a theoretical possibility of core
meltdown (e.g., from complete and sudden loss of flow without scram or from complete, long-
term loss of all decay heat removal systems) remains. In meeting the NRC requirements of
defense-in-depth, both the core melt prevention and the core melt mitigation capabilities of a
reactor system must be demonstrated. Work has been initiated on the mitigation characteristics
of metal fueled LMR.

H'K Fuel Cycle Development - The key technical elements of the IFR fuel cycle technology are
based on metallic fuel and pyroprocessing. The IFR program is developing a particularly simple
fuel cycle technology called the pyroprocessing. so named because the three key steps are
conducted at relatively high temperatures. These steps are electro-refining, used to separate the
useful fuel materials from the radioactive fission products: cathode processing, which further
purifies the metal product of electrorefining; and injection casting, which is a technology widely
used to form metals and plastics into desired shapes and is used in the IFR to form new fuel
pins.

Electrorefming is a chemical process that uses an electrical current to drive the chemical
reactions. In the electrorefiner, electricity is used to dissolve the metal fuel into molten salt and
then to transport the uranium, plutonium, and transuranics to a cathode separating them from
the fission products which are left in the salt. This process has several advantages over other
reprocessing schemes. One key advantage is that the higher actinides (Americium, Neptunium,
Curium) are not separated from uranium and plutonium. The higher actinides automatically
return to the reactor where, in the IFR, they fission to produce power.

Cathode processing separates the electrorefiner process fluids (i.e., salt and cadmium) from the
uranium-plutonium product. This process uses high temperatures to vaporize the cadmium and
salt and separate them before melting the uranium and plutonium into metal ingots. The salt and
cadmium are condensed, collected and recycled back to the electrorefiner.

The ingots from the cathode processor are combined with zirconium in an injection casting
furnace. The casting furnace melts the metal and injects it into molds. After cooling, the metal

is removed from the molds, inspected, and reassembled into new fuel elements which are then
bundled into fuel assemblies and transferred to the reactor.

The next major step in the IFR development program will be the full-scale pyroprocessing
demonstration to be carried out in conjunction with EBR-II.

The Regulatory Environment - The ALMR concept is also responsive to the US regulatory
environment, and to developments which aim at achieving both improved safety and simpler,
more predictable licensing of nuclear power plants. Key aspects of these regulatory matters are
the advanced nuclear power plant policy which calls for simpler, more inherent and passive
means of reactor safety; the safety goal policy which calls for negligible incremental risk to
society; and the standardization policy which establishes the basis for the certification of standard
designs. In addition, it is also a design goal that the potential accidental radioactive release
probabilities and characteristics be such that offsite evacuation exercises and early warning not
be required.

Advanced Nuclear Power Plant Policy - The U.S. Nuclear Regulatory Commission (NRC)
established a policy on Advanced Nuclear Power Plants.13 This policy encourages interaction
between the designers of advanced concepts and the NRC at early stages of the design process.
The policy states that advanced reactors should provide at least the same degree of protection
of the public and the environment that is required for current reactors, and that advanced
reactors are expected to provide enhanced margins of safety. The following desirable
characteristics are suggested in the policy for advanced reactors.

• Highly reliable, less complex shutdown and decay heat removal systems; use of
natural, or passive means are encouraged.

• Longer time constants to allow more time before reaching safety system activation.

• Simplified safety systems, reduced requirements for operator actions.

• Reduced potential for severe accidents and consequences by passive safety,
reliability, redundancy, diversity and independence in safety systems.

• Reliable equipment in the balance of plant, or safety system independence from the
balance of plant, to reduce challenges to the safety system.

• Easily maintainable equipment and components.

• Reduced radiation exposure to plant personnel,

• Defense-in-depth by multiple barriers to radiation release and by reducing the
potential for and consequences of severe accidents.

• Features based on existing technology or which can be established by development
programs.



Safety Goal Policy

A policy on Safety Goals has also been established by the NRC.14 The central principle of this
policy is that the risk posed by nuclear power plants to the neighboring population should not
exceed one tenth of one percent of the accidental fatality and cancer risk resulting from all other
causes, and thus represent not a significant additional risk. The specific implementation of this
policy has not yet been established by the NRC; however, the Advisory Committee for Reactor
Safeguards (ACRS) has made its recommendations on this subject.15 The ACRS recommends
as a general guideline that the likelihood of a large radiation release be less than 10^ perreactor
year. The ACRS also recommends separate guidelines for prevention of severe core damage
and for mitigation, implying that some mitigative capability be required even if the safety goal
is shown to be met by preventative means alone. The recommended guideline for mitigation is
a minimum of less than one chance in ten for a large radiation release for the entire family of
core melt scenarios.

Standardization

In view of the serious difficulties and delays experienced in the nuclear power plant licensing
process in the US, there has been a general agreement that the U.S. licensing process requires
reform and that a key ingredient is the certification of standard plant designs. The NRC has
recently completed a new regulation titled Early Site Permits; Standard Design Certifications;
and Combined Licenses for Nuclear Power Plants (Code of Federal Regulations Title 10, Part
52). This regulation establishes the process for standard plant design certification. For new
designs, which differ significantly from the established light water cooled reactor technologies,
operation of a full size prototype may be required. The first commercial plant, licensed through
the conventional licensing process, could serve the role of the prototype. Certification of the
design by the NRC will allow construction of the plant with additional licensing review limited
to site characteristics and Quality Assurance. The Light Water Reactors are leading the way
through the certification process with the NRC. Considerable difficulty is being experienced by
the reactor vendors in meeting NRC's requirements on level of design completeness.

Evacuation Planning

A major contributor to regulatory delays in the U.S. has been emergency planning. Particularly
troublesome aspects have been the detailed offsite evacuation plans and exercises, involving
numerous local agencies, and the provisions for rapidly alerting the neighboring population to
prepare for evacuation. It is generally agreed that on-site emergency planning is prudent, and
also that provisions for off-site actions, such as communication links with certain local agencies
are reasonable. However, the situation could be much simplified if requirements for detailed
off-site evacuation plans and exercises and provisions for early warnings, such as sirens, whose
function is clearly understood by the public, could be eliminated. While the NRC has not
reached a formal position on this subject, the NRC Staff has proposed to consider eliminating
the troublesome aspects mentioned above if the plant meets certain criteria.16 The NRC Staff
proposes that these criteria be that the lower level Protective Action Guidelines (1 REM whole
body, 5 REM thyroid) not be exceeded at the site boundary for 36 hours after the initiation of
specified design basis and beyond design basis events, and that the overall probability of
exceeding these limits be less than 10* per year considering all accident events.

Initial ALMR Regulatory Review

An important aspect of the ALMR development is the review by the U.S. Nuclear Regulatory
Commission (NRC). Such interaction has been an integral part of the ALMR program plan in
the form of regulatory review cycles, starting at the conceptual design stage. The first review
cycle was accomplished during 1987 through 1989. The second review cycle is now under way,
and is expected to be completed in 1992.

The completed, first-round safety evaluations by NRC Staff3 and by the Advisory Committee on
Reactor Safeguards (ACRS),17 based on the 1986-1987 PRISM design, were completed in 1989.
They found that the design is responsive to the NRC's advanced reactor policy, and that the
design provides passive, natural and other desirable features enhancing the safety of the power
plant. They cited the following favorable attributes:

• Potential for only minor core damage and fission product release for many severe
challenges to the plant.

• Reduced dependence on human actions and reduced vulnerability to human error.

• Long response time under many accident conditions.

• Capability to demonstrate by test significant plant safety features and performance
over a wide range of events.

• Results of independent analyses by Brookhaven National Laboratory (BNL), which
indicate good agreement with the performance predicted by the design team.

Issues and Concerns - As expected from any safety evaluation, and particularly from an initial,
first-round evaluation, a number of issues and concerns were identified by the reviewers. The
most significant issues raised wore:

• The unconventional containment concept used in the design; that is, the absence
of a separate strong, pressure and temperature resistant containment structure
completely surrounding the primary system as additional protection for very low
probability and unforeseen accidents.

• The potential for certain accident scenarios, including flow blockage and positive
sodium void effect scenarios, to lead to significant fuel damage and core disruption
for which mitigative capability was not explicitly shown.

These issues were raised as a result of the original approach used in the 1986-1987 design. That
approach emphasized core damage prevention, showing that inherent reactivity effects and
passive decay heat removal reduced the probability of sodium boiling and fuel melting to a level
sufficiently low to meet the NRC safety goals by core damage prevention alone; that is, that the
probability of significant core damage and radiological release is less than 10E-6 per year. The
vessel closure head served as both the primary system and containment boundaries, and specific
analyses were not made of potential impact on the primary system and containment boundaries
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by core energetic events or molten fuel movement. Such severe events were considered only
in the probabilistic risk assessment, and only in a simplified manner.

Response to Issues and Concerns - During the continuing advanced conceptual design effort,
after the completion of the first-round regulatory review, one of the major tasks has been to
respond to the issues raised. A primary study performed at this time shows that reducing the
positive sodium void reactivity effect, in order to reduce the potential for core energetic events,
introduces other undesirable safety effects as well as increased costs. Therefore, the approach
taken has been to show that the probability of energetic events is extremely low, and the
consequences are tolerable if energetic events do occur. Based on this approach, the major
design changes made during 1989 and 1990 in response to the initial safety review are the
following:

• Strengthened the core support and vessel head penetration structures to contain
severe core disruptive energetic events.

• Added a low leakage, pressure retaining containment dome above the vessel head
which, with the containment guard vessel, provides a complete containment
boundary surrounding the primary system.

• Added single isolation valves on each of the secondary sodium lines immediately
outside the containment boundary.

• Added a diverse reactivity shutdown device, using boron balls, at the center core
position capable of achieving cold shutdown.

• Added three gas expansion modules at the core periphery for additional negative
reactivity margin in loss of flow events.

• Added mechanical, adjustable rod withdrawal limiters to restrict reactivity addition
if the automatic control system fails.

• Increased the seismic design basis from 0.3g to 0.5g peak ground acceleration for
additional structural margins.

• Strengthened and relocated the control building to inside the high security
boundary to increase protection of the operators.

Continuing discussions with the NRC suggest that the design changes and additional analyses
performed have alleviated most of the major conceptual and philosophical concerns. Current
issues being pursued by the regulators are multi-module control, a non-IE control room which
is a direct result of the separation of the Class IE safety systems from the non-IE control
systems, development status and programs for the seismic isolators, and development status and
program for the metal fuel. A series of on-going meetings are being held to resolve these
issues.
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Safety Characteristics of Decay Heat Removal Systems [ 2 ]

1. Design consideration of decay heat removal systems (DHRS) including
power supply systems and final heat sink

Decay heat removal after shutdown of a nuclear reactor system is one of the most
important safety functions which must be accomplished with a very high reliability.
This, of course, is depending on the overall target for a very low occurrence frequency
of s 10-6/year for severe core damage set, for instance, by IAEA. All technical means
being supportive in attaining this ambitious goal have to be included into the design
considerations and thoroughly evaluated. However, not only technical means as, for
instance, good design and quality supported by code development and validation,
adequate material, reliable components and redundancy have to be considered, but
also aspects like diversity, degree of independence from energy supply (passivity),
simplicity have to be taken into account. And last not least, another indispensable
factor is the overall demonstration of functional reliability under all essential
operating conditions on the site during commissioning.

It has been demonstrated on several occasions on running fast reactors that they have
an inherent capability to dissipate the decay heat in a "passive" way. This experience is
the incentive to strive for this goal and the assurance that it can be attained.

A short description of the scheme indicates the technical approach bearing in mind
that EFR is of a so-called pool type design [3].

For EFR, two diverse DHR systems are foreseen:

• one system using the secondary sodium system and the water/steam system, and

• one system independent from the secondary sodium system, named Direct Reactor
Cooling System (DRC)

Water/Steam System [Fig. 1]

The active components of the low load systems and the respective cooling water systems
generally provide a 2 x 100 %-redundancy for DHR purposes. After shutdown, the steam
can be routed to the main condenser or to a special DHR condenser. If the steam flow
rate exceeds the design duty of the DHR condenser, e.g. if it is used at the beginning of
DHR operation, the excess steam is removed through 3 redundant relief valves by
controlled blow-down to the atmosphere.

During DHR via the water/steam system all Steam Generators (SG) are normally in
operation, but to ensure the plant temperatures remain below the defined limits,
operation of only one SG is necessary during DHR. The degree of redundancy of the
equipment is determined by operational and plant availability aspects. No provision for
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electrical energy supply after loss of station service power (LOSSP) events is necessary to
meet the safety requirements.

DRC System [Fig. 2]

The DRC system comprises six sodium-filled loops cooled by ambient air. Each DRC loop
consists of:

• one Na/Na heat exchanger (DHX), immersed in the hot pool of the reactor vessel

• one drum-type Na/air heat exchanger (AHX), at sufficient elevation above the DHX to
accomplish the heat transfer by natural convection

• one Na expansion vessel, integrated within the AHX on top of the DRC loop, with
argon blanket

• pipe-work between the components designed to promote good natural circulation

• one air stack, rising above the reactor building, including air inlet and outlet
dampers, designed to promote adequate natural draught.

Due to reliability considerations, a 6x 50 %-system is proposed, divided into two 3 x 50 %
groups providing for diversity at least in AHX, DHX, and air dampers design.

Some common features for each two adjacent loops (e.g. ventilation, energy supply) can
be tolerated as the deterministic requirement would be fulfilled due to the high degree
of redundancy even if it is postulated that a single failure could affect two of the 6 loops.
The number of and dependence upon common features must be minimized in order to
take maximum advantage of the additional DRC loop subdivision in terms of reliability.

The arrangement of the AHXs takes account of the need for spatial separation: Two
AHXsare located at each sideof the three SG buildings.

Operation of the DRC system

During normal plant operations a small mass flow in the DRC loops is maintained by
deliberate heat loss at the AHX via the insulation and minimum opening of the air
dampers. Overall sodium flow stagnation or even reversal which could occur during
transient situations on the primary side, e.g. reactor trip, is avoided by this continuous
standby circulation.

In the case of a DRC demand, the air dampers are opened slowly, initiated by an
automatic signal from the reactor protection system or by the operator. To prevent
unacceptable cooling and freezing of sodium, the AHX sodium outlet temperature is
controlled by throttling the air dampers.

Investigations are going on to enhance the degree of passivity by keeping the dampers
in 3 loops in a fixed position in such a way that even in case the opening of the other
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loops should fail on demand a sufficient degree of decay heat removal could be assured.
The resulting additional heat loss during normal power operation would be about
30 MW.

Generally, the DHR function after planned and unscheduled shutdowns of the reactor is
performed by the equipment of the water/steam-system. In cases where this equipment
is not available due to the consequences of the initiating event or due to failure of the
DHR-equipment, DHR via the DRC system is called upon.

On the basis of the initiating events and the rules for event analysis defined for EFR,
Table I presents the operating conditions for DHR via the DRC system which are relevant
to the assessment of the feasibility of the concept.

Table 1:

Load
Category

2

3

4

Operating Conditions for DHR via the DRC-System
(Primary Pumps not supplied in case of LOSSP)

Event
Characterization

Loss of heat removal via
the steam system

Loss of station service
power for £ 1 h

Loss of station service
power for > 1 h

Loss of heat removal via
the steam system

Loss of station service
power for > 1 h

Main vessel leak

Safe shutdown
earthquake

Number of
available

DRC Loops

6

6

6

4

2

2

3

3

Number of
Secondary

Loops
available
for Heat
Buffering

6

6

6

4

0

0

0

0

Primary
Sodium

Convection
Mode

forced

natural

natural

natural

forced

natural

forced

natural

forced

natural

Occurrence
Number
(Service-
life 40 y)

30

16

2

1

1

1

1

1
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The occurrence number is given for the plant lifetime of 40 years. The convection mode
of the primary sodium is specified fora concept where primary pumps are not supplied
by on-site power in case of LOSSP, the approach which is best adapted to the general
passive concept. If the results of the analyses reveal that some structures would not
tolerate such an approach, an energy supply to the primary pump pony motors from the
stand-by power system will be provided. Then, the main difference with respect to the
operating conditions would be that natural convection iri the primary sodium would not
have to be shown to be acceptable under second category conditions.

Power Supply [Fig. 3]

In normal operation, power is fed from the generator via the generator breaker and the
three single-phase generator transformers to the main grid and to the plant station
service system.

The circuit configuration enables the plant to be started up and shutdown via the
generator transformer and, in the event loss of offsite power, house load can be supplied
directly by the generator.

The high-voltage distribution system can be supplied via an independent second grid
connection, the standby grid. In the event of simultaneous failure of the main grid and
of the turbine generator, the power necessary for safe plant shutdown is drawn from the
standby grid, changeover being effected by an automatic transfer unit. The rated power
of the standby grid transformer should be the same as each station service transformer
(of supply system A). In case of failure of one station service transformer it can be
replaced by the standby grid transformer.

The power supply forthe house loads is arranged in three trains according to the three-
train design of the mechanical systems, each consisting of a normal (A), a spare (B), a
standby (C) and an emergency power supply system (D).

The normal power supply system (A) supplies all non safety related functions. The decay
heat removal components of the water/steam system are connected to this system A (6kV
busbar).. The spare power supply system (B) is foreseen to solely supply functions related
to investment protection. Safety tasks are not included.

Standby power supply system (C) supplies functions to mitigate consequences or to
reduce frequency of fault sequences. This system is directly connected to system A.
Installed diesel generators (not safety related) or transportable ones (connected to
external supplies) will feed in energy in case of loss of station service power. All safety
related consumers which are not immediately necessary, but will be needed after 32 h or
72 h in case of an accidental event, are connected to this system C (graduated safety
concept). In case pony motors will be installed on the primary pumps, which has not been
finally decided at the time being, they will be connected to this system C.

The emergency power supply system (D) supplies functions indispensable to meet safety
design limits. Safety related loads (indispensable consumers) are connected to the
emergency supply which is fed via the standby power supply. Each redundant train
includes a separate battery charger system with a battery capacity of 32 hours to feed
uninterruptedly the safety related I & C loads and protective devices as well as AC loads
(via an inverter).
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The strategy of preferring passive provisions to active safety systems in order to minimize
the emergency power demand leads to the approach of using passive components
(batteries) instead of active components (diesel) in the emergency power supply system.

2. Reliability and passivity

A rather high reliability and an utmost degree of independence from energy supply
(passivity) are goals to be attained in the design of the EFR decay heat removal scheme.

To put it in more quantitative terms, the overall frequency target has been cautiously -
and ambitiously as well -set at a level of 10-7'yearforthe loss of decay heat removal
function. One of the most important prerequisites to achieve this target is a thorough
evaluation of common mode failures, which is still going on. First of all, however, a
design has to be provided, in which an utmost, butsenseful degree of diversity has been
realized, in order to make common mode failures as rare as possible, thus escaping a
strong dependence on too sophisticated calculational models, where too much
judgment and arbitrariness is involved.

The general design approach is therefore to provide a safety classified direct reactor
cooling (DRC) system with immersed Na/Na-heat exchangers on the primary and Na/Air
heat exchangers on the secondary side in order to close the gap to the overall reliability
target after having assessed the decay heat removal capability of the main water-steam
heat transfer system. Thus, the decay heat removal equipment in the water-steam system
contributes to the safety case for the overall decay heat removal plan even though it is
not to be formally safety classified and its failure will lead to a category 2 operating
condition. Therefore, the DRC system has to keep the plant within the design basis (up to
category 4 limits) and must fulfil all deterministic design criteria relevant in licensing
procedures. DRC system operation and decay heat removal by the water-steam system
are independent and diverse. However, the diversity approach is taken further into the 6
x 50 % DRC loops. The diversity approach will be settled very soon on the basis of a
reasonable degree of diversity in the selection of individual components, especially the
heat exchanging ones and the mode of operation. This is still under discussion. It is to
some degree depending on another optimization target, namely to realize a complete
"passive" functioning of decay heat removal relying solely on natural convection under
all conceivable circumstances.

A preliminary assessment of the failure probability of the DHR function was performed
based on fault tree analyses. For the DHR via the waater/steam system a failure
frequency of some 10-' per year was assessed (0,2 -s- 0,5/year depending on the
conservatism of data assessment).

This figure includes the unavailabilities of the DHR equipment in the water-steam system
after normal scrams as well as initiating events leading to partial or complete failure of
the DHR equipment in the water-steam system.

To reach the overall frequency target of 10-7 per year for loss of DHR function the DRC
system has to meet an overall unavailability of less than 10-6 per demand.

The results show that for the DRC concept proposed, the target can be met for normal
scrams as well as for events requiring a long lasting DHR function (assumed frequency:
1/year). There is still some margin available for the auxiliary systems which are not
represented in the system modelling and for data uncertainties. The results show that
the 6x 50 % concept can take large benefit from the effect of decreasing decay heat as
the success condition switches over after about three days from 2 out of 6 to 1 out of 6.
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For the active components of the DRC system it is assumed that diversity is provided
within the loops. For the passive components a rough assessment of potential common
mode failures (CMF) is included, using the R-factor method and neglecting the possibility
of repair. The value calculated, for instand, fora 500 h mission time is about 10-7 .With
the assumption of 2 perfectly diverse and independent subgroup of 3 loops each, a value
of less than 10-8 could be reached. Further work is required to assess the necessity and
possibilities for additional diversity within the DRC loops and their effect on DRC system
reliability.

3. Role and reliability of natural circulation heat removal

As already indicated, natural circulation is an ambitious design goal for EFR. Not only a
lot of R + D efforts are devoted to this topic, but also the design work of the respective
systems has to take account of this overriding goal, e.g. by providing for low pressure
resistance of flow paths and for a differential height between heat source and heat sink
as large as reasonable. Passivity is, however, not only a safety improvement, it could also
have a positive effect on economics, since a reduction in number and importance of
safety relevant systems could result from these considerations.

The heat removal capacity proposed for the DRC system is 6 x 15 MW. The figure of 15
MW is normalized to a DHX sodium inlet temperature of 530 °C and an air inlet
temperature of 35 °C.

To show the adequacy of the 6x15 MW-concept, thermal-hydraulic calculations with the
ID-system code DYANA were performed for the LOSSP-casewith primary sodium natural
convection and for the case of loss of feedwater supply (LOFWS) with forced convection
(25 % of nominal flow) of the primary sodium. The DHR capacity was varied according to
the number of available DRC loops to be assumed for the different categories.

For the hot and cold structures the design criteria are largely respected in category 2 and
category 3 operating conditions. In category 4, the highest temperatures in the upper
(hot) plenum are reached with natural convection in the primary system, whereas the
forced convection mode yields the highest temperatures in the cold collector.

The design criteria for the hot structures can be met. The cold structures determine the
DHR capacity required. The proposed target of 630 °C is met, but only a limited margin
for delayed DRC-loop initiation by the operator is available. It is recalled that the value of
630 °C is a preliminary design target and not a fixed maximum upper limit.

The cladding temperatures of the fuel, breeder and store subassemblies in the core do
not exceed the proposed design limits for any category during either LOSSP or LOFWS
transients.

DYANA/ATTICA calculations for fuel elements [Fig. 4] which include the effect of
interwrapper flow show that the maximum clad temperatures will reach 700 °C for 2nd
category events with natural convection in the primary system for any core.

Those in the store and breeder will not exceed 600 °C. Thus, the proposed conservative
temperature limits are met in all cases.
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A number of sensitivity calculations and experiments have been carried out in order to
define the weak points of a DRC system relying exclusively on the use of dip coolers
immersed in the hot collector.

The transient behaviour from forced convection steady state conditions to natural or low
forced convection flow have been, and will be analysed very carefully. For such
investigations the behaviour of the IHX is very important because it is loosing its heat
sink function with time.

A detailed set of data (temperature and flows) for the thermal loadings of the primary
system and DRC system structures during LOSSP has been elaborated.

It has turned out that interwrapper flow (IWF) has a strong temperature peak reducing
effect particularly in the core periphery.

The influence of parameter variations regarding the IWF modelling on the temperature
predictions was found to beonly little sensitive.

The boundaries of the components, in the hot collector, core outlet, above core
structures (ACS), and DHX inlet and outlet are of special interest in future investigations.

Investigations regarding the flow stability of the hot pool at steady state power
operation upon different standby heat losses of the DRC loops are in preparation.

In addition, the freezing risk during onset of decay heat removal in the AHX will be a
main point of investigation.

A lot of progress has been achieved in code validation work by pre- and recalculations of
RAMONA, COLCHIX 3, SPX 1, and Phenix tests.

The main experimental proof for the theoretical prediction of the performance and
thermal-hydraulic behaviour of the DRC system will come from differently scaled models
like

AQUARIOUS (2D, 1:20)
RAMONA (3D, 1:20)

NEPTUN (3D, 1:5)

all at KfK, and from tests performed at PHENIX and SUPERPHENIX.

For the interpretation of these experiments the following codes will be used:

TRIO-DYN (CEA), DYANA-ATTICA (Siemens), COMMIX-2 (KfK), ASTEC (UKAEA),
PHOENICS (Siemens).

The ILONA and JANUS loops will serve as experimental validation of the expected
standby and startup behaviour of the DRC loop in natural circulation. First results are
already available.

The interaction of all parts of the DRC chain will be demonstrated in the KIWA mock-up
at KfK (2D, 1:10).

4. Testability of natural circulation, function and verification of passivity

These topics are clearly indicated in the EFR project as indispensable. Therefore the
detailed planning will include them with respect to the provision of an adequate
instrumentation, data processing, evaluation procedures and special equipment for the
commissioning phase. At the time being, however, it is still to early to give any detailed
information.

5. Other relevant items

It might be of interest to note that considerations within the frame of the risk
minimization approach are devoted to a further improvement of the DHR function.
Decisions, however, have not been'taken. Two aspects seem to need, at least
provisionally, additional thoughts: firstly, there is the common mode failure aspect as
already mentioned above, especially on the reactor roof, where the tight concentration
of safety relevant components might be sensitive against load drops or large sodium
leaks in the secondary circuits. A common mode failure would affect all decay heat
removal redundancies. Therefore design considerations are not only directed to the
reliable avoidance of potential common mode failures, but also to the possibilities of a
roof independent decay heat removal system within the reactor vault. The outlook
seems to be encouraging. Secondly, there is the long term decay heat removal mission
time which might be susceptible to simultaneous failures in the various redundancies of
the DRC systems, whose repairability in due time might be questionable. Therefore
calculations have been performed which show that the decay heat can be passively
dissipated via the surface of the secondary system including steam generators, where an
annular gap between component surface and insulation would have to be provided. This
flow path at the SGs for ambient air could be manually opened if need arises, since
enough time is available.

These considerations, however, gathered under the common heading of Ultimate DHR
are exclusively related to the risk reduction domain. This must be stressed. Whether they
have to become part of EFR design, depends on the still ongoing analyses related to the
overall risk minimization strategy.
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ABSTRACT

The European R + D Program on decay heat removal by natural convection for the
European Fast Reactor (EFR) covers the calculational methods and the model ex-
periments performed for code validation. The studies concentrate on important
physical effects of the cooling modes within the primary system and the direct re-
actor cooling circuits and include fundamental tests as well as reactor experi-
ments.

I. INTRODUCTION

Additional to the normal heat removal route via the steam plant, the Eu-
ropean Fast Reactor (EFR) will be equipped with a safety graded. Direct Reactor
Cooling System (DRC), which operates entirely by natural convection during all
cases of loss of station service power. Fig. 1. The DRC concept offers simple de-
sign, low cost, passive operation and high reliability!)-

Each of the six DRC-Systems with a total capacity of 6 x 15 MW consists of
an immersion cooler (IC), installed in the hot plenum, and connected to an air-
cooler (AHX), mounted in a stack, via an intermediate sodium loop. The decay
heat is transported by natural convection within the reactor tank, in the interme-
diate loop and in the stack. In standby operation of the DRC-system the mass flow
in the loops is established by deliberate heat losses at the AHX. Sodium flow stag-
nation or even reversal is avoided by this continuous standby circulation.

In the case of a DRC-system demand, the air dampers are opened me-
chanically. Except for this procedure, the safety related DHR system is entirely
passive. To prevent unacceptable cooling and freezing of sodium, the AHX outlet
temperature is limited by throttling the air dampers.

There is no fast reactor which relies solely on natural convection for decay
heat removal during all loss of station service power. That means that the concept
considered is a very progressive one. To assess the performance of this passive
DHR-System an integrated European R + D program is being carried out.2)

1) Kernforschungszentrum Karlsruhe GmbH, IATF, Postfach 3640, W-7500 Karlsruhe 1, Germany
2) AEA Reactor Services, GB-Dounreay, Thurso, Caithness KW 14 7TZ
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II. OBJECTIVE
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It is the objective of the investigations to prove that the decay heat can be
removed safely by means of natural convection without exceeding the maximum
permissible load values specified for the respective structures. That means to
study the onset and long time behavior of natural circulation flows and to assure
a high availability of this system.

Thermohydraulics of the system is described by using one- and multidi-
menmensional codes. Computation using these codes is to be verified by experi-
ments. They cover the most important physical effects, namely the cooling modes
in the primary system and within the DRC-system.

III. PROGRAM

The program is conceived such that the most important phenomena can
be taken into account. Of course, the thermalhydraulic characteristics are allowed
to deviate in the experiments3), unless extrapolation of the model results to reali-
ty is limited to an unacceptable degree. In the following sections, a survey of the
current program is given. The entire project is carried out at the European level. It
encompasses both simulations in scale models and reactor experiments. The simu-
lations in models serve to explore possible global and local effects. They are sup-
plemented by separate fundamental investigations in idealised geometries.

• "Global effects" are processes in scaled models which characterise the large
scale/global convective circulations, within the vessel, within the DRC loops
and within the IHX secondary loops.

• "Local effects" are characterised by more complex convective processes on a
finer scale, e.g. the processes associated with core-plenum interaction and
the cooler-pool interaction.

• "Fundamental investigations" are required for providing the input data for
the computer codes. They are aimed at determining the properties and dif-
ferences of buoyancy induced flows and transport in various fluids (H2O, Na)
taking into account the most important f low regimes. For this purpose,
"plumes" and "shear flows" and their interactions, if applicable, are studied.

The advantage of such studies is a more cost-effective provision of essential em-
pirical data.

• "Reactor experiments". Experiments on existing reactors are obviously im-
portant, despite differences in detailed geometry, for they offer operational
plant data under realistic conditions. Reactor experiments form therefore a
crucial part of the R&D strategy. The computer codes are to be tested against
such reactor experimental data as part of their validation program. Despite
the limited number of transducers deployed reactor experiments provide
valuable insights into possible convection behaviour.

IV. CALCULATIONAL METHODS

The numerical simulation of both the uniform and the non-uniform cool-
ing modes associated with the core-plenum interaction presents a formidable
challenge to the computer codes. A wide spectrum of potential methods is being
assessed ranging from lumped-parameter system codes, offering advantageous
computing-time/simulated-time ratios, to 3D codes that offer a high degree of
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spatial resolution. Fora fixed amount of computing power there is a trade off be-
tween spatial resolution and calculated time span/temporal accuracy.

The system codes offer limited spatial resolution (1D) but are capable of
simulating transient responses over very long periods of real t ime. They should be
particularly useful for conditions where the uniform mode of cooling is domi-
nant, for here the main f low path is well defined and the effects of any non-
uniform components could be allowed for through suitable adjustment of pa-
rameters.

The 3D codes on the other hand offer much greater spatial resolution but
a less advantageous ratio of computing time to simulated real t ime. They are re-
quired for resolving the non-uniform modes of cooling and hence estimating the
maximum core temperatures. However, long transients can be either prohibitive-
ly expensive or of limited temporal accuracy. The codes being assessed are set out
in Table 1.1D lumped-parameter codes, 2D and 3D codes and various coupled 1D-
2D/3D hybrids. The lumped parameter codes BESBEJ4), DYANA5) and DYN6) are
distinguished by differences in their implicit modeling. At the other end of the
scale the 3D codes ASTEC?), COMMIX8), and TRI09) offer different approaches to
the quest for spatial/geometrical resolution and for exploiting developments in
computing power.

V. EXPERIMENTS

Many experiments in this program have already been carried out, both on
existing plant and in scale models, and no evidence has so far been found that de-
cay heat could not be safely removed by natural convection. In the future experi-
ments, possible natural convection processes will be investigated morethorough-

I ly, both to provide further information for the designers and to establish a more
oo comprehensive set of test data for the code validation.

| A. Thermalhydraulics in the Primary System (global and local effects, reac-
tor experiments. Table 2).
Water experiments: Water simulant is being used in the models AQUAR-

IUS 10), RAMONA n) and NEPTUN (Fig. 2), with the required density differences
being generated by heating. These models were actually initiated during the for-
mer SNR2 project so there are geometrical differences to EFR. Despite these we
still expect the experiments to provide insights into EFR behaviour and of course
to provide useful test data for the codes. A RAMONA EFR geometry is being fabri-
cated. The philosophy behind the models, wi th respect to scale and degree of de-
tai l , is to start with simple geometry (AQUARIUS) and successively progress in
both scale and complexity wi th the RAMONA (1:20 scale) and NEPTUN (1:5 scale)
models. In AQUARIUS the core modelling is very rudimentary, heating being pro-
vided by a horizontal plate; in RAMONA there is a progression to heated annular
channels; in NEPTUN separate core subassemblies are modelled, wi th heater rods
wi th in to simulate fuel pins.

Additional information on the thermalhydraulics of the primary system is gained
by tests wi th imposed f low and temperatures. In these tests the proper design
and arrangement of the components within the primary system is studied.

The COLCHIX and THOR12) facilities have similar test geometries, whereas the
scale is different. Useful informations are obtained w i th respect to the design of
the upper plenum geometries. Due to the variable scaling of the geometrically
similar experimental setups of COLCHIX and THOR, scaling problems can be

studied.

HIPP013) has a core modelled with an appropriate array of hexagonal ducts and,
hence, is the only model that can be used for the investigation of interwrapper
flow under normal operating conditions. Provisions wil l be taken to heat the
core. Then the interwrapper flows can be studied under DHR conditions.

Sodium experiments: With respect to sodium experiments, the reactor investiga-
tions in Phenix (PX)14), Super Phenix (SPX)'5) and in the Prototype Fast Reactor
(PFR)16) must be mentioned. Valuable results have been obtained up to now.
These tests have notably shown an efficient onset of natural circulation. Howev-
er, the instrumentation, the clear definition of the boundary conditions and the
implementation of new experiments need further improvements.

The TANAGRA'7) experiments have already been completed. They served to study
the interaction between the cold immersion cooler f low and the hot core f low.
The tests were carried out with imposed mass flows and temperatures and,
hence, reflected the DHR conditions to a very limited extent only.

B. DRC-System (global and local effects).
Several scaled-down model experiments using water, and sodium have

been set up, in which special thermal-hydraulic phenomena are investigated (Ta-
ble 3).

The test rig KIWA in a scale 1:10 simulates the whole DHR-System of the EFR in
water. Since all components (Core, IHX, IC, AHX) are represented in detail and are
actively operated during steady state as well as in transients the global behavior
of the entire DRC-system and the interaction between the different components
and systems can be studied precisely.

The ILONA'S) facility (1:3 (1:1)) is used at present for the investigation of the
sodium-air coolers in the stack and the environmental influences on the f low cir-
culation in the intermediate circuit. The ILONA test facility can be extended wi th
a view to study thermohydraulics of the immersion cooler (esp. out f low behav-
iour).

C. Fundamental Experiments
In this section, examples are given of investigations carried out on compa-

rable, but generally simple geometries in H2O and Na, respectively, w i th a view to
obtain the input parameters of the computer programs for the Pr-number range
of 10-10-3. The projects are listed briefly in Table 4.

In the two test facilities TEFLU-Water and TEFLU-Sodium'9) the temperature de-
cay of a heated jet behind a multi-bore jet block has been investigated. The ge-
ometry of both test sections was identical. The turbulent mixed convection down-
stream of a point source of heat in a moving ambient are studied in two identical
test facilities FLUTMIK-Water and FLUTMIK-Sodium.

VI. RESULTS

Numerous results are available from model investigations and reactor tests
for steady state operation at forced and natural convection condition as well as
for the transition region. Some typical results are shown here to demonstrate the
program.
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Fig. 3 represents a typical velocity field in the 2D AQUARIUS test section
scaled 1:20 in comparison to a COMMIX calculation. The experiment was made
using a pulsed laser beam and the stroke lengths were evaluated with respect to
f low direction and magnitude of local velocities.

Fig. 4 is an example of fundamental investigations in TEFLU and shows the
measured and calculated axial decay of the temperature in a heated sodium and
water jet for identical test section geometries. These results are used to gain the
turbulence characteristics of the fluids and to support the transferability of water
results to sodium.

Fig. 5 shows a typical temperature field measured in the upper plenum of the
3D RAMONA loop. In this case different immersion cooler designs were studied.
The temperature fields of straight tube-type IC from that of differs considerably
the hybrid type immersion cooler. The highest upper plenum temperature of 31 °C
is obtained for the straight tube-type IC and temperature differences of about 7
K are recorded in the upper plenum. An upper plenum temperature of about
26°C is attained by the hybrid type immersion cooler. Here, thetemperature dif-
ferences in the upper plenum amount to about 2 K only.

Fig. 6 indicates results of investigations on the transition from forced to natu-
ral circulation with RAMONA. It shows the core flow rate and core temperatures
for a delayed onset of operation of the immersion coolers of up to 3000 s after
shut down. From this plot it can be deduced that the core mass flow is influenced
by the heating up of the IHX (downward buoyancy forces reduced) and the onset
of the IC-operation (upward core buoyancy forces reduced). The separation of
both effects gives a high core flow rate without an increase in core temperatures.

Fig. 7 shows the vertical temperature distribution measured at different
times intervals after the primary pump stop extended over 40 minutes at a con-
stant reactor power of 5.8 MW, starting from isothermal conditions.
A comparable RAMONA experiment is indicated with primary pump stops ex-
tended over 120 minutes at a core power of 1 kW, starting from isothermal condi-
tions. It can be deduced from the graphs that the physics in the RAMONA test sec-
tion differs not remarkably from the PHENIX-experiment.

Fig. 8 represents a typical temperature distribution at the outlet of the 360°
tube arrangements of the sodium-air heat exchanger as measured in the ILONA
facility/18/. The sodium flow is maintained by forced convection, airflows by nat-
ural convection. It can be seen that a uniform temperature profile can be mea-
sured for each individual of the 3 available rows of tubes.

VII. SUMMARY

Summing up it can be stated:

The experiments presented provide an extensive basis for the verification of
the computer programs. They take into account all flow phenomena known
to occur in the reactor as well as all thermohydraulic interactions;
Global investigations of the complete circulation are to be complemented by
separate investigations of the local behaviour;
The fundamental investigations focus on the determination of the turbulent
properties of buoyancy-imposed flows, the effects of buoyancy and mixing as

well as on the stratification. Numerous experiments are carried out on simpli-
fied geometries using various coolants. Thus, uncertainties with regard to the
transferability can be minimized.
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Table 2: Main Primary System Test Facilities

Table 1: Developed and used Computer Codes

3D
Codes

2D
Codes

ID
Codes

1D/3D
Coupled
Codes

1D/2D
Coupled

Codes

ASTEC7)

ATTICA5)

BESB ETV

DYANA/
.COMMIX

DYANA/
ATTICAS)

COMMIX")

COCOBUOY

0YANA5)

DYN/
TRIO

DYN/
TRIO

TRIO9)

DYN6)

Test Facility

2D-AQUARIUS, KfK
- Primary System -

3D-RAMONA, KfK
- Primary System-

3D-NEPTUN, KfK
- Primary System -

COLCHIX-3, CEA
- Hot Plenum -

THOR.AEA
- Hot Plenum -

HIPPO, AEA
- Hot Plenum -

TANAGRA, CEA
- Hot Plenum -

PHENIX-Coltemp, Nat-Circ.

SPX-1 - Nat. Circulation

PFR - Nat. Circulation

Scale

1:20

1:20

1:5

1:8

1:3

1:2

1:3

Geometry

SLAB

360°

360°

360°

360°

90°

90°

Reactor

Reactor

Reactor

Fluid

Water

Water

Water

Water

Water

Water
air

Sodium

Sodium

Sodium

Sodium

Status

operational

operational

start-up phase

operational

operational

operation
planning

completed

part, completed

completed

planning

Table 3: Main DRC-System Tests

Test Facility

KIWA, KfK

ILONA, IA

Scale

1:10

1:3(1:1)

Fluid/Geometry

Water/air cooler in stack

Sodium/air cooler in stack

Status

start-up phase

operational

Table 4: Main Fundamental Test Facilities

Test Facility

TEFLUI. KfK
TEFLU II

FLUTMIK 1, KfK
FLUTMIKII

SUPERCAVNA. CEA

JEAU-LUCKY, CEA

. Geometry

nozzle block

heated ball

rectangular
cavity

Flow

plumes

plumes

stratification

Fluid

Water
Sodium

Water
Sodium

Sodium

Water

Status

completed
completed

completed '
operational

completed

completed
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1.0 INTRODUCTION

Decay heat removal in PFBR is easily done when off-site

power is available to drive various pumps by using any one of the

four secondary sodium loops which can pick up heat from the main

vessel and deliver it to the steam water circuit. But this mode

will not be available in the event of failure of off-site power

supply. The duration of non-availability may extend beyond 8

hours and hence, it is conservatively assumed as 24 hours. No

on-site power supply arrangement is presently envisaged to allow

continued operation of primary and secondary sodium pumps and the

pumps of the steam water circuit. The design provides for :-

a) Gradual coast down of primary sodium pumps

b) Battery power to run the pumps at 150 rpm, i.e. 20% of the

nominal speed for half an hour. Any of the four pumps running

at 20% of the nominal speed can provide adeguate flow for

decay heat removal. The object of these pumps is to promote

conditions for establishing natural convection in the system.

In the design analysis presented later, no credit has been

taken for the flow capability of these pumps.

c) Four totally passive and independent decay heat removal loops

with each loop having a sodium to sodium heat exchanger

located in the hot pool and a sodium to air heat exchanger on

XA0055410

the top of the Reactor Containment Building. Each decay heat

removal loop has a nominal capacity of 8.0 MWt.

d) Stored water available in the deaerator of the steam water

circuit is adeguate to maintain 5.0% of nominal flow for two

hours. The stored water can be allowed to pass through the

steam • generator and superheater and superheated steam can be

vented to the atmosphere.

Fig.l schamtically provides the layout of the decay heat

removal system.

2.0 DESIGN VERIFICATION

It is reguired to prove by conservative analysis that the

design provisions are adeguate.

2.1 Instantaneous decay heat generation and integrated decay

heat is given in the Table 1. Thermal capacity of the primary

sodium system has been estimated to be over 3000 M^/deg.C. Using

this figure, adiabatic temperature rise can be estimated and the

same is given in Table .1. In actual practice, heat losses from

the primary and secondary sodium systems will take place and

these have been conservatively estimated to i>e 3 MW under normal

conditions. Hence, actual temperature rise even without any

credit for the effectiveness of the decay heat removal system

will be limited to'the figures given in the last column of

Table 1.0.

2.2 Moreover the stored water in the deaerator can easily
11

remove 3 x 10 Joules of heat, i.e. the heat generated in the

first eight hours and hence if power supply can be resumed in
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about ten hours, the task of decay heat removal can be

accomplished without the assistance of decay heat removal system.

The stored water in the deaerator therefore constitutes an

additional line of defence.

2.3 Heat removal by the decay heat removal circuit

contributes to the lowering of the temperatures reached in the

system. The temperatures reached will be the function of decay

heat removal capacity as shown in Fig.2. It can be seen that

decay heat removal capacity of 8 to 10 MVI would be adequate.

This however needs to be confirmed by a more detailed analysis to

take into account spatial variation of temperature in the system

during the course of establishing natural convection.

2.4 Taking into account the need for conservatism in the

analysis and relatively large safety margins provided in the

other West European countries, it was decided to provide four

entirely passive decay heat removal loops each with a capacity of

8 MW (t). It is also conservatively assumed that only two loops

may be available for performing the function. To take care of

significantly larger heat generation in the first few seconds

large fly wheels mounted directly on the shafts of the primary

sodium pumps to give-a flow coast down with a flow halving time

of 12.5 seconds are provided. Pony motors driven by batteries

capable of supplying energy for half an hour operation with 20%

flow are provided. The fly wheels provide for a safe shut down

while the batteries ensure adequate cooling of the core in the

transition period reguired to establish natural convection. Even

one pump running at 20%, of nominal speed ..can provide

approximately 6% of the total flow, while decay power would have

reduced to less than 2%. It is felt that maintaining even this

flow may be counter productive if adequate mixing does not take

place in the hot pool and the temperature at the core inlet will

raise prematurely by bringing down the hot pool sodium through

the intermediate heat exchanger. Careful optimisation of the

duration of operation of primary sodium pumps with the help of

batteries will have to be made and confirmed by actual tests.

2.5 Detailed quasi-static approach based analysis has been

carried out in two steps.

2.5.1 In the first step natural convection induced flows have

been estimated by a simplified model which considers primary pump

- core - IHX as a single circuit with constant flow in all the

constituents. It disregards the variation between IHX and pump-

core flows during transient involving level changes. The core

was also considered as one single zone. These are termed

preliminary results.

2.5.2 In the second step variation between the flow in the IHX

and pump - core flow has been taken into account. Flow through

the core blanket assemblies is also divided into 10 parallel

channels and we observe reverse flow in some channels with net

increase in the primary flow. The results of these studies can

be termed as more accurate results. For details, see Annexure-1

and 2. Important results are given in Table-2.



3.0 CONCLUSION

Decay heat removal can be managed safely with the help of

design provisions made. Indeed it is hoped that it will be

possible to show that even one decay heat removal circuit of 8

MW(t) capacity may be able to remove the decay heat without

reaching excessively high temperature in the system or

a l t e rn a t e ly i t may be possible to reduce the heat removal

capability of each D/ffl loop by about 25%.

Table 1

Expected evolution of temperature without DHR

Time P/Fo Jit Pdt Adiabatic Heat Temp, rise
% o NWsec temp.rise loss with heat

deg.C MW sec. loss
-.——»••«———— _ _ _ _ . . _ _ _ _ _ . . . . . . » • » _ _ _ „ _ — _ ^ _ _ _ ™ — — — — _ — ™ — — _ — _ _ _ _ _ _ _ _ „ — — — _ — _ _

100 sec. 3.69 5956

1000 " 1.91 31871

1800 " (1/2 hr) 1.62 48664

3600 " (1 hr) 1.33 79991

7200 " (2 hrs) 1.09 131450

10800 " (3 hrs) 0.97 175730

21600 " (6 hrs) 0.80 288610

32400 " (9 hrs) 0.71 385760 128.6
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Table 2

Spatial variations of temperature during Decay Heat Removal
Natural Convection by two DHR loops

by

Hotspot clad
temperature deg C

first peak (at time)
at 500s
at 1800s
at 3600s
at 7200s

Mean core outlet
temperature deg C

first peak (at time)
at 500s
at 1800s
at 3600s
at 7200s

Hotspool top zone
temperature deg C

first peak (at time)
at 500s
at 1800s
at 3600s
at 7200s

Core flow % nominal
first lowest (at time)
at 500s
at 1800s
at 3600s
at 7200s

Earlier Study
(Preliminary
Results)

852.7 (1204s)
581.9
813.1,
741.6
671.4

643.2 (1200s)
496.2
644.2
620.5
625.8

574.4 (2350s)
535.6
566.3
569.6
550.7

1.12 (1182s)
3.29
1.18
1.30
1.51

Present Study
(Hore Accurate
Results)

687.8 (174.5s)
623.1
635.2
646.1
638.0

548.1 (213s)
526.8
547.1
572.6
572.7

547.5 (5000s)
533.3
537.5
545.4
543.9

2.25 (156.0s)
2.71
2.11
2.06
1.87
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ANNEXURE - I

TRANSIENT MODELLING OF SAFETY GRADE DECAY

HEAT REMOVAL SYSTEM OF PFBR

1.0 INTRODUCTION

PFBR is to have two independent and diverse Decay Heat

Removal Systems (DHRS) as put' the safety criteria adopted Cor the

1 mi t u 11 a I. i on . One of the paths is through the normal heat sink«-

through the primary and secondary circuits* steam generators and

turbine by-pass systems. The other path envisaged is through the

Decay Heat exchangers (DHX) dipped in the hot pool. Separate

sodium circuits remove the heat from the DHXa and transports it

to air cooled Sodium-Air Heat exchangers (AHX). The schematic of

the second decay heat removal systems is shown in fig. 1. This

second path of decay heat removal is also desired to be achieved

with mini mum possible operator intervention and use of .active

components dependent upon the availability of on-site or off-

site power supply. Hence it is required to satisfactorily operate

this DHRs soley by the natural circulation of sodium through the

DHX primary and secondary sidles and by natural convection air

flow over the tube bundle of the AHX. This DHRS is called as the

Safety Grade Decay Heat Removal System (SGDHRS). .

Preliminary calculationns have been carried out earlier

to estimate the heat removal capacity of the SGDHRS based on the
1

following criteria .

(i) Decay heat removal initiated from hot pool 0.5 hr after

reactor shutdown and all primary pumps trip, by opening

of dampers on AHX.

(11) Bulk mean temperature of the sodium in hot and cold

pools should not Increase beyond 500 dec C by the

influence of core decay heat and

(iii) An N-2 failure criterion in the SGDHRS should be

considered for decay heat removal.

1
Based on the above it was found In the earlier study

that a 16MU decay heat removal capability at 500 deg C in the hot

pool Is necessary. Thus four redundant DHRS each of 8MU

capacity was proposed. Following this, preliminary sizing

calculations for the DHX, AHX, circuit pipelines, air stack etc.

have been carried out by choosing dimensions that could be fit

into the overall plant layout and by maximising dimensions that
2

favour natural circulation . With the available sizing, design,

and layout data, steady state performance evaluation calculations

with simple point thermal models for core, DHX and AHX

(incorporating LMTD approach for estimation of various

temperatures) were also carried out to prove the fact that each

of the SGDHRS are indeed capable of removing 8MU powar at a
. 3

primary inlet sodium temperature around 510 deg C . Later a
4

atudy combining the simple point thermal models for core, DHX

and AHX with a ZD model of the hot pool was also carried out to

verify the steady state heat removal capability of the SGDHRS.
4

This study showed that 16MU heat (with two SGDHRS) removal can

be effected with a DHX primary inlet temperature of 532 deg C.



The aame study showed that a primary inlet temperature of 544

dee C is required when the effective heat transfer length of DHX

is assumed to be 2.0 m instead of 2.4 in nominal. These earlier

studies supported the fact that the SGDHRS could effectively

remove around 16MU heat from the system through natural

circulations on a steady state basis with acceptable temperature

values. But it didn't address to other crucial questions like,

what values of maximum temperatures the hot pool top —surface,

main vessel, subassembly outlet etc. would be attained in the

course of initiation and establishment of (decay) heat removal

throuah the SGDHRS. These details can be obtained only by a

transient analysis of the SGDHRS. This report brines out the

features of the transient models of the various subsystems in

the SGDHRS, the results of the analysis carried out, and brines

out the parametric variations and its effect on the results and

further work to be carried out.

2.0 PHYSICAL HODEL

The main schematic of the SGDHRS is shown in fie- 1.

It consists of four redundant circuits each consisting of hot

pool immersed DHX, sodium circuit pipelines, AHX, air stack and

air side isolation dampers in the AHX. The desien philosophy of

the SGDHRS assumes that atleast three circuits will be available

and in fully operational condition during normal, upset and

emergency situation in the plants and atleast two circuits will

be available and in fully operational condition durine 'faulted'

Cor extreme emergency) situation in the plant. The stack height,

elevation differences between AHX and DUX and DHX and core are

maximised to the extent possible in the overall plant layout.

The only operator intervention required to initiate decay heat

removal is to open the inlet and outlet air dampers in the AHX.

Provisions will be made to open them either from the control room

or manually on site. Some of the important physical features of

the DHX and AHX are given in the following paragraphs.

2.1 Decay Heat Exchanger

The D11X as envisaged to be used resembles much like the

IHX. Hot sodium from the top portion of hot pool flows down

through the shell side around the tubes. The circuit sodium

enters the DHX through a central downcomer and then flows upwards

through the tubes and to the hot leg. The schematic of the DHX

is shown in fig. 2. The outer shell has perforations from • the

top tube sheet location to about the mid plane of the heat

exchanger to facilitate sodium flow through it under all expected

conditions. Ulndows similar to that in IHX are provided at the

bottom of this shell to guide the flow out.

2.2 Soidum-Air Heat Exchanger

In the AHX, sodium flows through the inside of the

tubes arranged in serpentine fashion (four passes) connecting the

inlet and outlet headers. To take care of the low value of air

film heat transfer coefficinet, the tubes are made with suitable

circular fina around them. Air flows around these finned tubes

in a cross flow pattern from the bottom to tha top. A schematic

of AHX is shown in fig. 3.
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3.0 FEATURES OF THE TRANSIENT 11ODELLING OF THE SGDHRS

Simple one dimensional models to describe DUX, AHX, air

stack, and pipelines are developed in the same lines as that done
5

for PFBRDYN code . For the hot and cold pool thermal models,

three zone mixing models taking care of thermal stratifications

and pluuie efect of the flow out of core and IHX primary outlet

are developed. The core thermal model used in PFBRDYN code is

modified to take care of reverse flow possibility in some of the

channels and used for this study. The schematic of the SGOHRS and

reactor primary circuit modelling details is shown in fie. 4 Some

of the more specific features of the various models and their

capabilites are discussed below.

3.1 Decay Heat Removal circuit

Steady state and transient thermal calculations are

made in a sequential modular approach starting from the DHX.

Prior to this, depending on the latest calculated buoyancy

conditions, the air flow, circuit sodium flow, DUX primary side

flow and reactor main primary circuit flows are calculated. The

sequence of thermal calculation foe any time step is DHX, hot lee

piping, AHX, and cold leg piping when the circuit sodium flow is

positive (nominal direction) and the sequence is DHX, cold leg

piping, AHX and hot leg piping when the circuit sodium flow is

negative. Appropriate provisions are made to take care of flow

reversals in the circuit sodium flow and DHX primary sodium flow.

The DHX thermal model consists of three to four mixing volumes in

series for either side of the heat exchanger and the primary and

the circuit sides are coupled through the heat transfer term.

The tube material thermal capacity is divided equally and added

to the primary sodium and the circuit sodium thermal capacities.

The thermal capacity of the internal and external shells are

added to the primary sodium thermal capacity. The number of

nodes is chosen at the value where incrementing it up by one

produce little or no change in the calculated temperatures. This

DHX model is interfaced to the hot pool thermal model (to be

described in 3.Z) by specifying the hot pool top zone temperature

as the DHX primary inlet temperature, and the DHX primary outlet

temperature as an input to the calculation of the hot pool bottom

zone temperature when the flow through DHX primary side is

positive (nominal direction). It is vice-versa when the flow

through DHX primary side is negative.

In the AHX thermal model, each tube pass (nearly

horizontal) is divided into two to three nodes. Thus the air

side of the AHX is divided into the same number of vertical

channels as that of the number of nodes per sodium pass. The

total air flow is divided equally into all these channels. It is

also assumed that there is no thermal mixing/exchange in between

the air channels and they are all assumed to mix only at the exit

of the AHX (or at the inlet of the air stack). The thermal

capacity of the tube and fin material is all added to the thermal

capacity of sodium flowing inside the tubes. Since the thermal

capacity of air is very small as compared to that of sodium, the

thermal capacity effects of air on the calculations are ignored

and the air temperatures are calculated in a quasi-static manner.
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Then these air temperatures are used as boundary conditions for

transient sodium temperatures.

In modalline the hot and cold lee sodium pipelines and

air stack, the outer surface is assumed to be perfectly insulated

and heat exchange from and to the wall is included.

In modelling the air flow isolation dampers in the AHX,

an equivalent friction pressure drop coefficient is calculated to

dive a pre-specified air flow rate in steady state and it is made

zero to simulate the opening of air dampers.

3.2 Hot and Cold Pool Thermal HodelB
5

In the PFBRDYN code the hot pool and cold pool were

modelled as single mixing volumes. This approach doesn't bring

out the effects of thermal stratification and the plume effect of

a relatively hot flow into a cold plenum. These effects can be

better modelled by subdividing the hot or cold pool into two or

more discrete volumes and specifying the plenum inlet flows to

take appropriate path depending upon the inlet temperature and

the plenum temperatures.

For FFBR, the hot pool volume between the inner vessel

and the core Ihorm&l shioldu/coro lop iu divldud into throe

zones. The lower zone consists of the volume upto the upper-

shell-redan junction (upto 23.78 in)• the middle zone consists of

the volume between the elevations +23.78m and 26.5m encompassing

the IHX inlet and the top zone consists of the volume ab.ove 26.5m

and sodium free level. The cold pool volume between the main

vessel and inner vessel is divided into four volumes. The volume

below the core support structure and grid plate is treated as a

totally stagnant mass without any mass or heat exchanges. The

volume encompassed by the core support structure, main vessel,

and +19.5m elevation (top of core support structure) la the

bottom zone, the volume between +19.5m and +20.916m (location of

cylindrical vessel-bottom head junction) is the moddle zone.

This zone encompasses the IHX outlets and the primary pump

inlets. The volume above +20.946m and upto the free level is the

top zone. An additional volume consisting of the inlet

plenum/grid plate volume is also considered as a separate mixing

volume to better treat the possible reverse flows through some of

the core channels and to tako care of the relatively large volume

of structural material in that zone compared to other zones.

Thus three hot pool- temperatures and three cold pool temperatures

in addition to reactor inlet temperature are computed by this

model.

The thermal stratification effect is brought out by the

hypothesis imposed on the paths taken by the core outlet flow and

IHX primary flow in the hot and cold pools respectively. By this

hypothesis, the inlet flow to the pools tend to reach zones in

the higher elevations and mixes with it when the mean temperature

of the inlet flow is higher than the temperature of the zones

in the lower elevations.

Thus the core flow's mixed mean temperature T , in
CO

relation to the hot pool temperatures T , T, and T decides
hpl lip2 hp3

the core flow path aa follows:



when T < T < T flow out of core mixes with middle
hpl ro hpZ

zone bypassing lower zone and enters IHX inlet. Uhen T >T ,
ro hp2

core flow bypaasea both the lower and middle zones and mixes with

the top zone first and than enters the middle zone, mixes with It

and enters IHX. Uhen T <T , the core flow mixes first in? the
ro hpl

bottom zone and then flows into the middle zone, mixes with it

and enters the IHX'. These flow paths are schematically explained

in figure 5 for the restricted case of equal core and IHX primary

flows and positive DHX primary side flow.

The IHX primary outlet temperature T , in relation to
po

the cold pool tmeperatures T , T and T (temperatures of
cpl cp2 cp3

top zone, middle zone and bottom zone respectively) decides the

IHX-primary pump flow as follows:

Uhen T >T , flow out of IHX first mixes with the
po cp2

cold pool top zone and then mixes with the middle zone prior to

the entry into the'pump suction. Uhen T <T <T , flow out of
cp3 po cp2

IHX mixes with the cold pool middle zone and enters into the pump

suction. Uhen T <T , the flow out of IHX mixes with the cold
po cp3

pool bottom zone first and then mixes with the middle zone prior

to the entry into the pump suction.

In the transient energy balance equations of the

discrete volumes in the hot pool, the convective heat transport

effect by the DHX primary side flow Is also included. The

interface between the DUX thermal model and the hot pool thermal

model ia as described earlier in 3.1. Eventhough the DHX primary

outlet is physically encompassed in the middle zone of the hot

pool, the DHX outlet flow is assumed to mix in the bottom zone

when the DHX flow is positive (This is a realistic assumption,

becuase the DHX primary outlet temperature is much lower than the

hot pool bottom zone temperature when the flow through the DHX is

fully developed and in the nominal direction) and the hot pool

bottom zone temperature T is assumed to be the inlet to DHX
hpl

when the DHX flow is negative, to better model the possible plume

effect of the DHX primary flow.

Apart from the convective heat exchanges between the

adjacent zones, heat exchange by conduction, eddy transport,

entrainmnet etc., can also occur. This is modelled by a inter

zonal heat transfer coefficient, the values of which can be found

from elaborate experimental results only. For the time being a

low value is used for them under the assumption the results will

be conservative.

Other assumptions made in the transient modelling of

the SGDHRS are: During initial steady state conditions hot and

cold pool are characterised by single temperature. Main vessel

and inner vessel are considered adiabatic surfaces. The effect

of heat transfer through inner vessel has been found to have

minimal influence on the hot pool temperatures. This fact was
3

brought out by our earlier study . For conservative estimate of

sodium temperatures, the effect of steel thermal capacity of

sheilding assemblies are not included and thermal capacity of

steel due to Plain vessel, Inner vessel and core support are

replaced with sodium. Effects of main vessel cooling flow and

10
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the subsequent effects due to its stoppage are not modelled under

the presumptions that the highest temperature seen by the hot

pool will anyway be necessarily imposed on the main vessel. In

caae detailed primary hydraulics modelling »s developed for
5

PFBRDYN ia used, there will be transient situations when primary

pump-core flow will be appreciably different from the IHX primary

flow, some channels can receive reverse- flow through them and hot

and cold pool levels vary with respect to time thereby varying

the top zone volumes. Details to take care of these situations

are also included in the core, hot pool and cold pool thermal

models.

To describe the primary inlet temperature to the cold

pool, an IUX model with five thermal nodes alone the heat

transfer leneth has also been Integrated alone with the above

described SGDIIRS model. The transient variation of secondary

sodium flow and secondary inlet temperature are obtained from the
6

earlier incident studies made for PFBR .

4
In the earlier study combining a 2D model of hotpool

with a point model SGDHRS steady state analysis, it was brought

out that around 80% of the hot core effluent mixes at a lower

mixing point with the cold flow coming out of the DHX. Whereas

in another study of the hotpool at 20% flow conditions performed
7

for the control plus (where the presence of DHX in hot pool is

not modelled) the-core outlet flow showed a marked streaming

effect around the control plug and reaches the top zone of the

hot pool without appreciable mixing in the bottom layers. Thus
4 , 7

these two studies show that the cold DHX flow has a lot of

influence on the mixing patterns in the hot pool. Thus in the

simplified three zone mixing model of the hot pool an option to

allow only 2U». of hot core flow to stream to the upper zones once

tha DUX pt-mary flow ia established is alao included.

4.0 RESULTS AND DISCUSSIONS

A computer program DHDY.N has been coded according to

the modelling details given above and it is used in the

performance evaluation of SGDHRS. A restricted version of the

above model - disregarding variations between the IHX and core

flow and possible reverse flow through some of the channels and a

quasi - utatic estimation of the 1UX - core flow - is made use

of to study the performance of SGDHRS and the results reported

here. The major concern given in this study is to find what peak

values would be reached by hot pool top surface temperature, mea/i

cora outlet temperature, clad hotspot temperature, and how long

these sustain at these high levels after the decay heat removal

through SGDHRS is initiated. Another important concern is about

what lowest sodium temperature would be reached immediately after

the opening of the air dampers in the AHX outlet region. This ia

to guard against the possibility of crystallsatlon o£ impurities

and subsequent plugging. To bring out these details, a severe

transient scenario Included in our design basis is studied. The

transient scenario is as follows:

Total power supply failure (Including all the forms of

emergency power supply) and reactor shutdown; by fall of control

rods occur simultaneously. All the primary and secondary pumps

11 12



coast down due to their built in inertia. Heat removal by

natural convection through main secondary sodium system ia

severely hampered by total loss of feedvater to steam generators

and the secondary inlet to IHX starts increasing after 20

seconds. It is assumed only two out of the four SGDHRS's

circuits are ready for putting into operation. These circuits

are brought into operation only after thirty minutes. All the

dampers are simultaneously opened in a step fashion. The various

inputs specified into the model for simulating this transient are

thus:
(ij -8000 pen external reactivity in 0.8 s added (SCRAtl) ,

primary pumps coasts down with 10 s speed halving time,

and secondary sodium flow into the IHX coasts down with

10s flow halving time restricted to a minimum flow of

2% (to simulate the possible natural circulation of

sodium in the secondary system).

(ii) The friction pressure drop coefficient of the dampers,

calculated in the initial steady state of the AHX is

maintained constant for 30 minutes and specified to

zero at t = 30+ minutes to simulate the full opening of

the AHX dampers, and

(ill) Main secondary sodium inlet temperature to IHX

specified as constant at the initial steady state value

for 20 s, increased at a rate of 0.2433 deg C/s from 20

to ZOO 8 and 0.1033 deg C/s from 200 s onwards

subjected to a maximum value not exceeding the primary

inlet temperature to the IHX at any instant. (These

13

temperature rise rates are obtained from the results of
6

incident analysis carried out earlier )

A couple of parametric effects are also analysed

separately in this transient viz.

(i) Initiation of the DHRS at 15 minutes and at 1.5 hrs

instead of 30 minutes and

(ii) The amount of hot core effluent streaming up into upper

zone as 20% only as against 1005; after the full

development of DHX primary flow - to take care of the

influence of DHX primary flow on the mixing

characteristics of the hot pool.

The evolution of the various temperatures and flows for

this transient are shown in the figures 6 to 10. From figure 6

it is seen that the reactor power decreases rapidly to decay heat

levels in about 20 s and then decreases gradually. After 1800 s

it is 1.85% (22.4 tlU) and at the end of 1 hr and 2 hrs it is

1.51% (18.3 «U) and 1.2% (14.5 I1U) respectively. Reactor primary

flow takes place by forced convection upto about 100s and then

the buoyancy forces seem to dominate. It monotonously decreases

to about 1.1% at about 1160 s and then oscillates around this

value for some time and then gradually rises to about 1.6% at 2

hrs l.e 1.5 hrs after initiation of the decay heat removal.

From figure 7, we can see the mean core outlet

temperature reaches a minimum of 412.9 deg C a t 18 s due to

reactor trip and then gradually and uniformly rises to a peak

value of 649.9 deg C at 2250 s (450 s after the initiation of

14



o

I

decuy html rumoval). Thin L umpuru tUL-u 1 <J 030.1 dog C> 0V5 • 7 dog

C and 576.4 dee C at 1, 1.5 and 2 hrs respectively. For the

situation whore only 20'. of the hot core flow ia allowed to

stream into the upper volumes, the core outlet temperature at 1,

1.5 and 2 hrs are 608.2, 576.9 and 564.0 deg C respectively. For

the case of opening the dampers at 15 minutes and at 1.5 hrs the

peak value of the' mean core outlet reached are 638.3 deg C and

701.9 dec C respectively.

It is seen that the hot pool top zone temperature first

comes down to 524.7 dec C in about 800 s due to the influence of

colder reactor outlet and then starts increasing as the core

outlet increases. At 0.5 hr, Just before DHR is initiated from

the hot pool, it reaches 570 dec C, continues to increase to a

peak of 577 deg C at about 2050 s and then gradually drops down

by the influence of establishment of decay heat removal through

SGDHRS. It is 571 dec C, 553 dec C and 539.1 deg C at 1.0, 1.5

and 2.0 lira reapoctively. For the case where only 201 of hot

core flow ia allowed to stream to upper volumes after the

development of DHX primary flow, the three hot pool zones'

temperatures approach each other and the long time comparision

among these three temperatures are civen in table 1. It is seen

from this, the maximum hot pool temperature reached is only 3 dea

less than that reached in the reference case, and at long times,

the hot pool top zone is colder by around 35 dea C and the bottom

zone temperature is much hotter than that in the reference case.

For the cases when the dampers are opened at 15 minutes and 1.5

hra, the hottest hot pool temperature reached are 559.4 deg C and

645.9 dec C respectively.

The clad hotspot temperature (figure 8) first drops

and reaches a low value of 420.5 dec C at 15 is due to the rapid

decrease of power to flow ratio and then starts increasing. It

reaches 800 dec C at 1082 s and further increases to a peak value

of 852.8 dec C at 1182 s and gradually decreases. It is 828.1 dec

C, 771.3 dee C and 653.6 dec C at 0.5 hr, 1.0 hr and 2.0 hr

respectively. Uhe'n the influence of DHX primary flow on the hot

pool mixinc characteristics is included, the hotspot clad at 1

and 2 hrs are 725.5 dec C and 631.6 dec C respectively.

Figure 9 shows the evolution of the SGDHRS flows.

Upto 1800 s, the DHX primary flow and DHRS sodium circuit flow

follows the dynamics of the temperature changes in Lhe hot pool.

From about 1150 s the hot pool top layer temperature starts

increasing due to the heatinc up of the hot pool. Following this

the circuit sodium also starts getting heated and the DUX primary

and DHRS circuit sodium flow gradually increases. Immediately

followinc the opening of air dampers in the AHX, (at 1800 s) the

air flow reaches a peak value of 31.2 kg/s in about 1.8 s and

quickly settles to around 29.0 kg/s in about 10s and falls very

very slowly alone with the hot sodium temperature. The DHRS

circuit sodium flow Uniformly increases from 6.6 kg/s at 1800 s

to 39.1 kg/s at 2060 s and then gradually chances along with the

heat removal. This flow is 35.6 kc/s, 37.9 kg/s, 37.6 ka/s, 36.9

kg/s, 36.5 kc/s at 2213 a, 2408 s, 1.0 hrs, 1.5 hrs and 2.0 hrs

respectively. Similarly DHX primary flow also increases

uniformly after initiation of the decay heat removal and reaches

a maximum value of 35.0 kg/s at 2106 s. This flow is 34.7 kg/s,

15
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34.1 kfi/s and 33.9 kg/s at 1.0 hrs, 1.5 hrs and 2.0 lira

respectively.

Immediately after opening the dampers the DHRS circuit

sodium starts getting cooled at a fast rate and the first lowest

value reached l>y the AHX outlet is 305.8 dee C (figure 10) at

1972 a. A detailed print out of the internal temperatures of the

AHX also revealed that this is the first lowest value of sodium

temperature (much above freezing point) in the DHRS sodium

circuit. Opening the AHX dampers either at 15 minutes or at 1.5

hrs, didn't reveal any tendency for the AHX coldest temperature

to reach any lower levels. The DHX primary outlet temperature

starts its significant response from about 1925 s (125 s after

initiation of decay heat removal). It decreases from 534.4 deg C

at 1925 s to 394.7 dec C at 2104 s and then slightly oscillates

around this value and then decreases gradually with other

temperatures. This is 412.0 deg C, 391.1 deg C, 378.8 dee C and

368.7 dee C at 2250 s, 1 hrs, 1.5 hrs and 2.0 hrs respectively.

After 2 hrs the overall plant response is found to be

almost in a quasi-static manner and all the temperatures and

flows eradually follow the reactor power. At the end of 2 hrs

the DHX is found to be removing a power of 14.71 till while the

reactor is producing a power of 14.5 HU.

6.0 CONCLUSIONS

From the above results we can conclude

(I) Peak hot pool top surface temperature is dependent

only on the time of initiation of DHR. The capacity of

the SGUIIRS can only decide how long these high

temperatures are sustained.

(ii) The various temperatures estimated in this study should

be on the conservative side as the effects due to • (i)

possible higher inter zonal heat transfer than what is

assumed jLn this study and Cii) npn inclusion of some

possible neat losses happening from the four secondary

loops (this is around 2.2 HU at nominal operating

temperatures).

(iii) It remains to be seen whether the temperature reached

are acceptable from Structural Mechanics

considerations.

(iv) Further analysis with 2D hot pool model ia necessary

only for defining the thermal loads. The present study

is sufficient to decide the capacity of the SGDHR

sys tern.
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ANNEXURE - II

TRANSIENT ANALYSIS OF SGDHRS

.1.0 INTRODUCTION

In the previous study on Safety Grade Decay Heat

Removal System (SGDHRS), the following assumptions in the

modelline details are made to simplify the calculations:

(i) In the IHX thermal model, only 5 capacities in series in

the length of the IHX was considered and the buoyancy

force calculated from these temperatures.

(ii) The primary pump-core-IHX flow was treated as a single

circuit flow, thus disregarding the effects of flow

variation between the IHX & pump-core flow during

transient situation involving level changes. Further

the flow variation with respect to time was also

calculated on a quasi-static basis and flow

redistribution in the ten core channels and its effect

neglected.

and

(iii) Inner vessel was considered as an adiabatic surface.

The first two assumptions given above are thought to

be very much conservative in the estimation of the core flows.

Therefore further studies were continued by removing

these assumptions. This note brings out the results of the

study in brief.

The same event as analysed in the previous studies

viz: all sodium pumps trip, reactor shutdown, primary pump 10s

speed halving time, secondary flow halving time 10s, 2% secondary

sodium residual flow, secondary inlet temperature increase as a

ramp until secondary inlet and primary inlet are equal and AHX

air dampers opened after 1800s (1/2 hr) - is again analysed here.
2

A primary, pump drive inertia of 4538 kgm which will yield a

speed halving time of 12s Is used in agreement with the present

proposed design of PFBR primary pump.

2.0 RESULTS AND DISCUSSIONS

As mentioned above, for more accurate buoyancy drive head

calculations in the IHX, the number of capacities in series

considered in the length of the IHX was increased from 5 to 19.

Detailed primary hydraulics model incorporating the effects due

to hot and cold pools level changes, hydraulic inertia, and flow

redistribution in the core channels is also used. Results

obtained for this study, as compared to the previous study

reported in Annuxure I is given in table 1. Core flow reaches a

lowest of 2.251 at 156s and increases to 2.89% at 223s and after

that it gradually decays. Clad hotapot reaches a maximum of

only 687.8 deg C at 175s after its initial fall immediately after

the reactor scram. (This is still less than the full power

normal operating condition)- The clad hotspot temperature at

500s, 1000s, 1800s and 7200s .is found to be 634.3 deg C, 633.5

deg C 635.2 deg C and 638.0 deg C respectively. The peak value

of the mean core outlet temperature is 548.1 deg C at 213s,

Immediately after the fall due to reactor scram. Mean core

outlet then decreases to 529.1 deg C at 502s and after that it

Increases gradually to 535.9 deg C, 544.0 deg C and 547.1 dee C

at 1000s, 1500s and 1800s respectively. Hot pool top zone
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temperature decrease to 531.2 d«e C at 800s and then gradually

increaaea bo 531.5 deg C, 537.5 dec C and 545.4 dee C at 1000s,

1800a and 3600s respectively. Hot pool top zone temperature

reaches a peak value of 547.5 dee C at 5000s and then starts

decreasing. This is significantly less than the value of 577.0

dee C obtained in the earlier study.

3.0 CONCLUSION

From the above discussions and after analysing table 1,

we can arrive at the following specific conclusions:

(i) Consideration of the effect of temperature profile in

the IIIX for the calculation of the buoyancy head for

core-IHX flow evolution is quite important.

(ii) Quasi-static and combined evaluation of core-IHX-pump

flow don't predict the initial peak of core outlet and

hotapot clad temperatures that could occur immediately

after the effects of reactor scram is over, but this

method over predicts or is conservative in the

estimation of the core outlet and clad hotspot

temperatures

4.0 FURTHER STUDIES

The evolution of decay heat after reactor scram is

estimated from an empirical correllation. Experimental

observations in the past have shown these correllatlons can have

errors of the order of 0 0 * . Therefore it is essential to make

some studies with the assumption of 30* more decay heat values

for the conservative estimate of temperature.

The secondary sodium residual flow of 2J; and the IHX

secondary inlet temperature chance used so far were obtained from

earlier incident studies where a 1% water-steam flow through

steam genrators were assumed. But an analysis of the results

show that a significant amount of power is being transferred to

the secondary system even after 15 to 20 minutes. Therefore some

studies with much better estimation of this residual secondary

sodium flow and' IHX inlet temperature change pertaining to a true

loss of complete heat sink are to be made to estimate the most

conserative primary circuit temperatures.
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Hotspot clad
temperature dee C
first peak (at time)
at 500s
at 1800s
at 3600s
at 7200s

tlean core outlet
temperature deg C

first peak (at time)
at 500s
at 1800s
at 3600s
at 7200s

Hotspool top zone
temperature dee C
first peak (at time)
at 500s
at 1800s
at 3600s
at 7200s

Core flow % nominal
first lowest (at time)
at 500a
at 1800s
at 3600s
at 7200s

Earlier Study
(Preliminary
Results)

852.7 (1204s)
581.9
813.4
741.6
671.4

643.2 (1200s)
496.2
644.2
620 :D
625.8

574.4 (2350s)
535.6
566.3
569.6
550.7

1.12 (1182s)
3.29
1.18
1.30
1.51

Present Study
(More Accurate
Results)

687.8 (174.5s)
623.1
635.2
646.1
638.0

548.1 (213s)
526.8
547.1
572.6
572.7

547.5 (5000s)
533.3
537.5
545.4
543.9

2.25 (156.0s)
2.71
2.11
2.06
1.87

ths-27/k9
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ABSTRACT

The Advanced Liquid Metal Reactor (ALMR) concept1 has a totally passive
safety-grade decay heat removal system referred to as the Reactor Vessel Auxiliary
Cooling System (RVACS) that rejects heat from the small (471 MWt) modular
reactor to the environmental air by natural convection heat transfer. The system
has no active components, requires no operator action to initiate, and is inherently
reliable. The RVACS can perform its function under off-normal or degraded
operating conditions without significant loss in performance. Several such events
are described and the RVACS thermal performance for each is given and
compared to the normal operation performance.

The basic RVACS performance as well as the performance during several
off-normal events have been updated to reflect design changes for recycled fuel
with minor actinides for end of equilibrium cycle conditions. The performance
results for several other off-normal events involving various degrees of RVACS air
flow passage blockages are presented. The results demonstrated that the RVACS is
unusually tolerant to a wide range of postulated faults.

INTRODUCTION

The ALMR plant has three redundant methods for shutdown heat removal:
1) the normal heat transport system including the primary and secondary sodium
systems, steam generator system and condenser, 2) an auxiliary cooling system
(ACS) which removes heat from the steam generator outside surface by natural
convection of air and transport of heat from the core by natural convection in the
primary and intermediate systems, and 3) a safety-grade RVACS which removes
heat passively from the reactor containment vessel. The combination of one active
and two passive systems provides highly reliable and economical shutdown heat
removal. The RVACS operates continuously but functions at its intended high heat
removal rate only when the normal and ACS decay heat removal systems are
inoperative and the reactor system temperature increases. The basic RVACS

XA0055411

heat removal capability is self-regulating with the reactor temperature. Thus, the
heat removal rate is only 0.9 MWt during normal operation temperature conditions
(0.19% of power produced) and increases to about 2.8 MWt at the higher reactor
temperature experienced during an "RVACS only" transient in which both the
condenser and ACS are not available.

RVACS DESCRIPTION

The RVACS can dissipate all of the reactor decay heat through the reactor
and containment vessel walls to the ambient air heat sink by the inherent processes
of natural convection in fluids, heat conduction in solids, thermal radiation heat
transfer, and convective heat transfer. Operation of RVACS is explained using the
diagram of Fig. 1. Heat is removed from the core and transported to the reactor
vessel wall by natural convection of primary sodium. Two alternate sodium flow
paths exist in the vessel during most of the decay heat removal period. Initially, the
sodium flow path is the same as that during normal reactor power operation, i.e.
from the core upwards to the hot pool, then down through the Intermediate Heat
Exchangers (IHXs) to the bottom of the vessel and then upward into the pump duct.
The sodium then enters eight inlet pipes which lead to the high pressure core inlet
plenum.

Second, a parallel sodium flow path becomes available after sodium
temperatures have increased and the corresponding sodium volume expansion has
resulted in overflow through slots provided in the reactor vessel liner. This parallel
path is a somewhat more efficient overflow path downward through the annular
gap between the reactor vessel and its liner. This path allows the sodium to give up
some of its heat directly to the reactor vessel wall prior to exiting at an elevation
near the IHX outlets. The remainder of the flow path is the same as during normal
operation.

Heat transport through the reactor and containment vessels is by conduction,
while from the reactor vessel to the containment vessel heat transport is mainly by
thermal radiation (only 3 % is by natural convection in the argon-filled space
between the two vessels). Thermal radiation heat transfer is promoted by providing
high thermal emissivity coatings on the heat transfer surfaces. The surface coating
consists of an oxide layer generated in conjunction with the normal heat treatment
of the vessels.

In the last stage of the heat removal process, naturally convecting air removes
heat from the containment vessel and collector cylinder and dissipates the heat to
the sink (atmospheric air) as indicated schematically in Fig.l. Atmospheric air
enters the RVACS through four inlet openings in the tornado hardened concrete
stack structures protruding about 5 meters (15 feet) above grade level. It is directed
downward into the lower of two horizontal plena and from there into the annular
region between the concrete reactor silo and the collector cylinder (cold air
downcomer). This incoming air turns around at the bottom of the silo and enters
the 0.178 m (7-inch) annular gap between the containment vessel and the collector
cylinder (hot air riser), where ii is heated by the hotter, surrounding steel
structures. The air heating provides the natural draft needed to maintain air flow in



this loop. The heated air flows into the outlet plenum and from there it is
discharged to the atmosphere through four outlet stacks as indicated in Fig. 1.

The inlet and outlet air openings are protected by heavy steel screens or
gratings with openings small enough to prevent large objects from entering. The
openings are also protected to limit harmful amounts of rain and snow from
entering the RVACS. As an additional precaution, a sump pump is available at the
bottom of the reactor silo (not shown in Fig. 1) to remove any water that might enter
by seepage, floods, etc., in such quantities that it is not evaporated by the air stream
and the hot steel structures located in the cavity. Every reasonable effort has been
made in the design to reduce form and frictional hydraulic losses in the air flow
path to enhance the air flow rate.

The RVACS thermal performance is monitored continuously at normal and
other operating conditions. The Proposed monitoring instrumentation consists of
thermocouples measuring inlet and outlet air temperatures as well as Pitot velocity
probes calibrated to measure the air flow rate in each of the four RVACS stacks.
The monitoring instrumentation is intended to be accurate enough to measure
significant changes in parameters affecting RVACS operation such as, the air flow
rate, system temperature rise, heat transfer coefficient, and thermal emissivity and
air flow path resistance. Thus, from the performance monitoring of normal
operating conditions the readiness of the system to perform its function if called
upon to remove decay heat during emergency conditions can be ascertained.

BASIC RVACS PERFORMANCE

The performance analysis of the basic RVACS event conservatively assumes
that the normal and auxiliary heat removal systems, as well as the Intermediate
Heat Transport System (IHTS) sodium, are lost immediately following reactor and
primary pump trips. The passive RVACS only is available to remove reactor decay
and sensible heat. The present analysis was performed with the decay heat
calculated for the reference ALMR metal core containing liquid metal reactor
recycled fuel with minor actinides for end of life equilibrium cycle conditions.
The decay heat for this core is about 6% higher than that used in previous analyses.
Other parameters and the transient analysis model used in this analysis were
similar to those used previously2'3, except for slight changes in the air-flow path
flow resistance reflecting recent design changes.

Transient analysis results for the basic RVACS event for nominal expected
analysis assumptions and with clean heat transfer surfaces are given in Fig. 2. The
curve gives the average core sodium outlet temperature. The maximum average
reactor core sodium outlet temperature reached is 607°C (1125°F). It should be noted
that sodium and structural temperatures in most other regions of the reactor are
considerably lower than the average core outlet temperature. The slight

discontinuity in the curve at about 4 hours occur when overflow starts at a hot pool
temperature of 538°C (1000°F). The discontinuity is slight because the
performance of RVACS is excellent both with and without overflow.

An assessment of the uncertainty in the maximum core outlet temperature
value was made by perturbing each of the parameters listed in Table 1 individually
in the transient model. The parameter change or the actual values used represent
the 2-sigma uncertainty level. For example, it was estimated that the 2-sigma
uncertainty in the decay heat is +15%. The individual parameter changes resulted
in the maximum average core outlet temperature increases indicated in Table 1.
The individual temperature changes were added up by taking the square root of the
sum of the squares of the individual contributions to get the upper 2-sigma
temperature as indicated in Table 1. This approach was judged to be the most
correct one for the present system.

Table 1 RVACS Performance Uncertainty Evaluation
for Basic Performance Case

Decay Power

Thermal Emissivities

- Stainless Stee!
- 2 1/4 Cr-1 Mo Steel

Air-Side Heat
Transfer Coefficient

Nominal
Case

0.77(2)
0.85

Nominal Data
(ANL)4

Upper 2-Sigma
Case

Nominal'1) Nominal + 15%

0.70
0.80

Nominal - 18%

Increase in
Max. Average
Core Outlet

Temp f°C/°Fl

39/71

12/21

13/24

o Others 6/10

Upper 2-sigma limit = 1125+ (712+ 212+ 242 + 102) J / 2 = 1125 + 78= 1203°F/651°C

(1) As calculated by the Origin II Code
(2) Values at 538°C/1000°F

DEGRADED RVACS PERFORMANCE

Several postulated events and scenarios considered beyond the design basis
have been analyzed to illustrate the acceptable performance of the RVACS under
unusual and severe conditions. The events include various degrees of RVACS air
inlet and outlet flow area blockages and different reactor silo water flooding
scenarios.



Blockages of Air Inlets and Outlets

Various postulated RVACS air blockages at the air inlets and outlets (see Fig.
1) have been considered as indicated in Table 2. The arbitrary 75% blockage
considered might, for example, correspond to someone attempting to sabotage the
RVACS operation by putting tarps on the openings but not quite successful in so
doing. It is seen from the table that partial area blockages of the air inlets and outlets
have small effects on the maximum average core sodium temperature reached
during an RVACS transient. Thus, blocking each of the four air inlet openings
75% and each of the four air outlets also by 75% causes an increase in the
maximum core outlet temperature of only 32°F (18°C). This illustrates the tolerance
of RVACS to this type of postulated event. The main reason for the slight influence
of area blockages at the air inlets and outlets is that their flow resistance are only
2.6% and 4.5%, respectively of the total RVACS air flow path resistance.

Table 2 Temperature Increases Due to Air
Inlet and Outlet Blockages

Case
Maximum Avg. Core Outlet Temperature and

Tempature Increase Above Nominal Peak (°C/°F)

75% Area Blockage of
Each Air Inelt Opening

75% Area Blockage of
Each Air Outlet Opening

75% Area Blockage of
Each Air Inlet and Outlet

One Stack Inoperative
Two Stacks Inoperative
Three Stacks Inoperative

614/1137

619/1146

625/1157

611/1132
623/1153
663/1226

7/12*

12/21

18/32

4/7
16/28
56/101

•Increase relative to 607°C/1125°F for normal RVACS operation

The effect of removing one or several RVACS air stacks from the system as a
result of a postulated major external event is more pronounced than area blockage
only. This is because the stack portions of the inlet and outlet ducts (See Fig. 1)
forming the air flow path constitute about 22% and 7% of the total air flow
resistance, respectively. Removal of one or several of the stacks from service means
that the total RVACS air flow is diverted to the remaining stacks or stack. The
results for three postulated cases are given in Table 2. It is noted that removing one
stack has only a slight effect and results in an increase of 7°F (4°C) in the core
outlet temperature. However, the removal of three of the four stacks from service
entirely increases the maximum core outlet temperature by 101°F (56°C).
Although this increase is significant, the peak RVACS temperature is still will
below the ASME Level D service level temperature limit of 1350°F (732°C).

Complete Blockage of Air Inlets

Another, more severe postulated event evaluated is complete blockage of all
air inlets while the four air outlets remain fully open. This case might correspond
to the case where a potential saboteur was successful in blocking the inlets because
of the suction at the inlets but was not successful at the outlets where the hot air
stream exits with some force. There are four air outlet stacks connected via the inlet
plenum to the hot air riser annulus as indicated in Fig. 1. Several assumptions
subject to experimental verification were made in the analysis of this case. For
example, it was postulated that preferential downflow and upflow zones are created
as illustrated in the sketch of Fig. 3. In this so-called U-air flow model it is assumed
that one-half of the hot air riser annulus cross-sectional area is for downflow while
the other half is for upflow and that cold air downflow is established in two of the
four air outlet stacks while the hot air upflow is in the remaining two air outlet
stacks.

The results of the transient analysis for this postulated case is summarized in
Fig. 4 which gives the average core outlet temperature. The maximum core
sodium outlet temperature increases to 1168°F (631°C) which is well below the
design basis temperature limit of 1250°F (677°C) for ASME service Level C
conditions, i.e. only 43°F (24°C) higher than that expected for the normal RVACS
event.

An uncertainty evaluation was performed for the blocked inlet case similar to
the one performed for the basic performance case. The results are given in Table 3.
It is noted that the 2-sigma uncertainties were taken to be the same for the three first
parameters. However, for the fourth item ("others" in Table 2) a significant
uncertainty of 100% was conservatively included to reflect the lack of experimental
information about the air-side flow distribution and the adequacy of the U-flow
model to represent this situation.

Table 3 RVACS Performance Uncertainty Evaluation for
Blocked Inlet Case

Parameter

o Decay Power
o Thermal Emissivities

- Stainless Steel
-2 1/4Cr-l Mo Steel

o Air-Side Heat
Transfer Coefficient

o Air-Side Flow Resistance

Upper 2-sigma limit = 1168 +

Case

Nominal^)

0.77(2)
0.85
Nominal Data
(ANL)4

Nominal

(792+182 + 242-

Increase in
Nominal

Case

Nominal + 15%

0.70
0.80
Nominal - 18%

Nominal +100

h 5 4 2 ) l / 2 = 1 1 6 8 +

Upper 2-Sigma
Peak Core Outlet

Temp Increase f°C/°F}

44/9
10/18

13/24

30/54

100= 1268°F/687°C

(1) As calculated by the Origin II Code
(2) Values at 1000°F/558°C
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Complete Blockage of Air Outlets

The case of complete blockage of the air outlets while the air inlets remain open
was also considered. Blocking of the outlet is, of course, much more difficult to
accomplish for a saboteur than blocking of the inlets since the force of the air
exiting at about 5 ft/sec (1.5 m/s) at a temperature of 190°F (87.8°C) during normal
operating conditions makes it difficult. In addition, the geometry posed by the
weathercap provided to limit inflow of water during heavy rains (See Fig. 1) is
much more difficult to close off than the air inlet configuration.

The U-flow model used for analysis purposes for the blocked outlets case is
given in Fig. 5. The analysis assumptions were similar to those used for the
blocked inlets case. In this case, however, the recirculation pattern occurs in the
cold air downcomer annulus and heat has to be transferred across the hot air riser
gap primarily by thermal radiation (assumed in the present analyses). In addition,
heat has to be conducted across the insulated collector cylinder. The thermal
insulation provided on the collector cylinder was added to provide thermal
protection for the concrete in the concrete silo wall. It is currently assumed that this
insulation consists of a 2-inch (0.051 m) layer of glass wool insulation having an
average thermal conductivity of 0.043 Btu/hr ft°F (0.074 W/m°C).

Results of the transient analysis for the blocked outlets case show that the
maximum core Outlet temperature reached exceeds the service level D limit and is
unacceptable from a structural point of view. Since the main reason for the high
temperature is the collector cylinder thermal insulation, another case was run with
no thermal insulation. The results of the transient analysis show that the core
outlet reaches 1393°F (756°C) which is on the limit of being acceptable. However,
thermal insulation is required to protect the concrete silo during normal operation
events. Unless the thermal insulation is designed to fail when high temperatures
are reached, complete blocking of the air outlets would be unacceptable. However,
just a small amount of air flow leaking through the outlets would result in
increased cooling and an acceptable situation. It should also be pointed out that
there is more than 13 hours available to accomplish some degree of outlet
unblocking before temperatures exceed acceptable structural limits.

Complete Blockage at Silo Bottom

Complete blockage of the RVACS air flow path at the bottom of the reactor silo
just below the lower edge of the collector cylinder (see Fig. 1) is extremely
unlikely. Postulated events that could produce such a blockage are a partial collapse
of the concrete silo wall or a severe sand storm in which large quantities of sand
enters the air inlets and is transported to the bottom of the silo. Even such events,
however, are unlikely to block flow completely since the blockage materials, i.e.
rubble or sand, possess some permeability to air flow.

If such a blockage should occur, the U-flow models (Figs. 3 and 5 ) of cooling
would be active in both the annuli of the hot air riser and the cold air downcomer.
Thus, the analysis performed for the blocked inlets case using the model of Fig. 3 is
applicable. However, there will also be some cooling in the cold air downcomer

resulting in slightly better performance for this case relative to the blocked inlets
case. Because, of the expected slight performance improvement, the blocked silo
bottom case was not run.

Tolerance to Reactor Silo Water Seepage

The RVACS stacks provided with weathercaps to prevent significant amounts of
precipitation from entering the system. However, in the event that water finds its
way into the RVACS by other means, for example, seepage of groundwater through
the silo walls, precipitation through the inlet gratings, etc. it will collect at the
bottom of the silo as indicated in Fig. 6. This trapped water will eventually be
evaporated due to the heat generated inside the silo and carried out by the RVACS
air.

The rate of evaporation is dependent on the water and air temperatures, air
velocity near the surface of the water, and the air humidity. Assuming that the air
flow rate through the RVACS remains constant, the air velocity decreases as the
water level decreases since the flow area increases. The entering air, assumed to be
at 70°F (21°C) and having a 20% relative humidity, is humidified by picking up
water vapor in the silo before the air is discharged through the air outlets. The pool
of water was assumed to be at uniform temperature. Two cases were considered. In
the first case an initial mass of water was assumed to be deposited on the reactor
floor and the subsequent seepage rate was zero. In the second case various seepage
rates were assumed with a small mass of water initially on the floor.

Results of the analysis for the first case show that the RVACS performance is
not significantly affected when the silo is partially flooded with water. In fact, if
the air passages are not blocked, the high temperatures inside the silo coupled with
the high air flow rate contribute to the removal of more than 3,600 gal (13.6m3)
corresponding to an initial water level of 1 ft (0.304rri) in less than 24 hours. The
analysis results for the second case show that a water seepage rate through the
concrete silo wall into the cavity of approximately 1.6 gpm (0.0001m3/s) can be
accommodated on a steady-state basis without the water level ever reaching the
containment vessel. When the flood water reaches a higher level and comes in
contact with the containment vessel, sufficient heat is transferred from the collector
cylinder and containment vessel to boil the water pool. The rate of water removal
in this mode increases significantly and much higher seepage rates can be
accommodated.

Additional analysis was performed for the extremely unlikely event of an
instantaneous, catastrophic complete flooding of the reactor cavity in which the
complete air-flow path is filled with water. The results show that the containment
and collector cylinders will experience thermal shocks as they are quenched by
70°F (21°F) water. The calculated vessel temperature transients are given in Fig. 7.
The maximum rate of change of temperature for the containment vessel was about
1.2°F/sec (0.7°C/sec) which is acceptable from a structural point of view. The
reactor vessel is insulated by the gas gap between the containment and reactor
vessels and experiences no noticeable effects from the postulated flooding. Reactor
sodium temperatures decrease quickly following reactor scram. Evaporation of



water in contact with the steel structures would provide effective decay heat
removal. For example, evaporation of about 14 gpm (0.0009m3/s) of water would
remove 2 MWt under steady-state conditions.

SUMMARY

The totally passive, safety-grade RVACS decay heat removal system in the
ALMR is inherently reliable and is not subject to the failure modes commonly
associated with active cooling systems. Significant temperature margins exist in
the RVACS for design basis events, and its performance is not highly sensitive to
normal variations and changes in thermal parameters. The RVACS performance
is also very tolerant to many hypothetical accident conditions, including air flow
blockages and flooding. The natural convection thermal performance
characteristics have been confirmed experimentally.
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RELIABILITY ANALYSIS ON DECAY HEAT REMOVAL SYSTEM
UNDER NATURAL CIRCULATION CONDITIONS

2) 1) 1)
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2) 2) 3)
K.NAKADA , S.OHTA and H.MATSUMOTO

ABSTRACT

An analytical study was implemented to evaluate the reliability of
a decay heat removal system (DHRS) under natural circulation
conditions in a typical loop-type liquid metal fast breeder
reactor (LMFBR). In this study, dominant parameters, such as the
decay heat, for the natural circulation coolability were selected
and their probability density functions (PDFs) were determined.
The parameter variance effect on the hot pool temperature, during
the decay heat removal, was evaluated by transient thermal-
hydraulic calculations. The response surface function (RSF) for
the maximum hot pool temperature was derived as a function of
system parameters by the multi-variable regression analysis. The
unreliability of the natural circulation coolability was evaluated
by applying Monte Carlo trials to the above PDFs and RSF. From
this study, the dominant system parameter effect on the natural
circulation coolability for DHRS was clarified. It was found that
the unreliability caused by the loss of natural circulation
cooling was much lower than that caused by the system component
failures.

1.BACKGROUND AND OBJECTIVES

The DHRS unreliability in an LMFBR should be seen as the sum
of unreliabilities, due to failures in active and passive
components, and the loss of natural circulation cooling caused by
variances in the system parameters from the design value. In the
conventional evaluation, however, the latter contribution has not
been clarified. Thus, the present study objectives are to develop
an analytical method for estimating the DHRS reliability under
natural circulation conditions, to investigate the system
parameters influences on unreliability, and to clarify the
importance of natural circulation loss versus other contributions.
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2.ANALYTICAL METHOD
XA0055412

A flow diagram for the analytical method in this study is
shown in Fig. 1. As the first step in the study, dominant system
parameters, such as decay heat, heat transfer coefficients for air
cooler tubes and the pressure loss through the air flow path, for
the natural circulation coolability, were identified.

Based on the nominal values for the parameters, the transient
thermal-hydraulic calculation was accomplished for the primary
heat transport system and the DHRS under the natural circulation
condition after reactor shutdown. Many parametric transient
thermal-hydraulic calculations were carried out, to examine the
sensitivities of the above parameters to coolability, and the
importance of system parameters was clarified. The response
surface function (RSF) was derived from the multi-variable
regression analysis, based on the variances in system parameters.
In this study, RSP was defined by the maximum hot pool
temperature, which was one of the success criteria for DHRS
cooling, as a function of system parameters. By using the above
RSF and the Monte-Carlo method, the unreliability for natural
circulation coolability, which meant the probability that the hot
pool temperature exceeded an allowable level, was evaluated.
In this study, the dependences of unreliability, obtained by the
method on the system parameters, were investigated.

3.ANALYTICAL CONDITIONS

Figure 2 describes the DHRS considered in this study. The
rated reactor power was 1,480 MWth, the primary heat transport
system consisted of 3 top-entry loops, and the DHRS was a 4-loop
direct reactor auxiliary cooling system (DRACS). One DRACS loop
mainly consisted of the direct heat exchanger (DHX), an electro-
magnetic pump (EMP), and an air cooler (AC). The AC consisted of
a blower, dampers, and a stack. Natural circulation could be
achieved by retaining the DRACS passive components integrity, when
the AC dampers were open.

Table 1 indicates dominant system parameters for natural
circulation, the probability density functions (PDFs) distribution
categories, and their uncertainties, assumed in this study. For
example, for the primary heat transport system, the pressure loss
and the decay heat were identified. For the DRACS loop, the heat
transfer coefficients and pressure loss for DHX tubes, and the
distance between centers of DHX and AC tubes were also identified.
For these parameters, uncertainties were estimated, through an
examination made through several pertinent papers. In Table 1,
sigma meant standard deviation in the normal distribution. The
inlet temperature into AC was assumed to be a uniform
distribution, having ± -50 X: uncertainty on the basis of the
atmosphere temperature data.

In this study, the hot pool temperature was selected for
success criteria, from the reactor vessel integrity viewpoint, and
650 oC was specified as the maximum allowable value.
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4.RELIABILITY ANALYSIS

Based on the nominal parameter values, the transient thermal-
hydraulic calculation was carried out for the primary heat
transport system and the DHRS, under natural . circulation
conditions after reactor shutdown. Many parametric transient
calculations were also carried out, to examine the sensitivities
of above parameters to coolability, using the transient thermal-
hydraulic analysis code. This code was based on the flow-network
model. The model has been verified by natural circulation tests
on JOYO and the out-of-pile natural circulation experiment.

The hot pool temperature transient behavior, under natural
circulation in the reference case, is shown in Fig. 3. The
maximum hot pool temperature was 572 °c ••

Through the several parametric studies, the individual
parameter sensitivity to the maximum hot pool temperature was
obtained. The absolute temperature change for the plus 10%
variance for each reference value in the system parameters, is
shown in Fig. 4. From the sensitivity amplitudes, the dominant
parameter to natural circulation coolability in this DHRS was
found.

The response surface function (RSF), which was the maximum
hot pool temperature as a function of system parameters, was
derived by applying the multi-variable regression analysis to
the results obtained from the sensitivity examination. The
formula obtained in this study is presented by

Tm = A0 + Al XI 2 + A2 X2 "2 + A3 X3
+ ( A41 + A42 X4 ) X4 + A5 X5
+ ( A61 + A62 X6 ) X6 + A7 X7 (1)

A3 = 53.6,
A61 = 184.2,

where
AO = 562.9, Al = 141.0, A2 = 32.7,
A41 = 36.7, A42 = -4.3, A5 = 13.3,
A62 = -88.4, A7 = -6.0,
Tm: maximum hot pool temperature,
Xis parameters ratios to reference values.

The subscript i meaning are as follows,
i = 1: decay heat,
i = 2: AC heat transfer coefficient,
i = 3: pressure loss through the AC air flow path,
i = 4: pressure loss through the DHX,
i = 5: air inlet temperature,
i = 6: distance between DHX centers and AC,
i = 7: DHX heat transfer coefficient.
The unreliability of natural circulation coolability was

evaluated by applying the Monte Carlo Method to the above RSF and
the PDFs for system paramters. The PDF values for the maximum hot
pool temperature, as the result of the Monte Carlo trials, are
shown schematically in Fig. 5. The unreliability was defined as
the probability that the maximum hot pool temperature exceeded an
allowable level, 650 •£• The probability was obtained by
integrating from 650 "C to the upper PDF limit.

Figure 6 shows the unreliability dependence on the nominal
core outlet temperature, To, for the same DHRS capacity. In this

investigation, the RSF was constructed for each To condition, and
the Monte Carlo method was applied. For example, unreliability in
the case To=530 TC , was about 4xlO-l2./demand. For obtaining each
value in Fig. 6, about ten million Monte Carlo trails were carried
out.

The comparison of unreliability in various failure modes for
typical DRACS, considered in the demonstration fast breeder
reactor (DFBR), is shown in Fig. 7. When the mission time was 720
hr, To=550 "c ,and there were 4 loops, the unreliability caused by
the the loss of natural circulation cooling was about 4x10-10/
demand. On the other hand, the unreliability caused by random
failure was about 5xlO~9/demand and the value containing the
common cause failure was about 5x10"8/demand. From this study, it
was confirmed that, for this DHRS, the unreliability due to loss
of the natural circulation cooling was very small, relative to the
value evaluated by the conventional method.

4.CONCLUSIONS

For the DHRS for the DFBR, under natural circulation
conditions, the method for analyzing reliability was developed by
the use of the RSF and the Monte Carlo trials. The system
parameters influence on the transient behavior and the reliability
under natural circulation conditions was well investigated. In
the present study, it was found that the unreliability caused by
the loss of natural circulation cooling was much lower than
unreliability caused by the system component failures in the DHRS
considered in the DFBR.

Future work involves reducing the uncertainties in results
obtained by this method. Further study will be required concerning
(1) the uncertainties of PDFs, and (2) the complicated behavior
which was not modeled in the thermal-hydraulic code.
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Study on Decay Heat Removal Capability of
Reactor Vessel Auxiliary Cooling System

Y. Nishi
I. Kinoshita

Central Research Institute of Electric Power Industry
11-1, Iwatokita, 2-chome
Komae-shi, Tokyo, JAPAN

1. Introduction
The reactor vessel auxiliary cooling system (RVACS) is a simple, passive

decay heat removal system for an LMFBR. However, the heat removal capacity of
this system is small compared to that of an immersed type of decay heat
exchanger. In this study, a high-porosity porous body is proposed to enhance
the RVACS's heat transfer performance to improve its applicability.-

The objectives of this study are to propose a new method which is able
to use thermal radiation effectively, to confirm its heat removal capability
and to estimate its applicability limit of RVACS for an LMFBR. Heat
transfer tests were conducted in an experimental facility with a 3.5m heat
transfer height to evaluate the heat transfer performance of the high-
porosity porous body. Using the experimental results, plant transient
analyses were performed for a 300MWe pool type LMFBR under a Total Black Out
(TBO) condition to confirm the heat removal capability. Furthermore, the
relationship between heat removal capability and thermal output of a reactor
were evaluated using a simple parameter model.

2. Enhancement of Heat Transfer
A high-porosity porous body is proposed as a heat collector in the

annular air flow space to enhance the heat transfer performance of the
RVACS. The porous body, made from nickel and chromium, has 92% porosity, a
high absorption coefficient, and a low pressure loss. To evaluate the effect
of the porous body, heat transfer experiments were performed .

The test facility simulated the annular air flow space between the
containment vessel and cavity wall. It consisted of a rectangular duct of
1.2mX0.4m section and 10m height as shown in Fig. 1. The heated zone was
3.5m high. The maximum heat flux was 30KW/m2. To obtain a wide range of air
velocity, an exhaust fan simulated the stack at the outlet of the test
facility. The parameters in these experiments were temperature of the heating
wall and the air velocity, both with and without the porous body.

Fig. 2 shows local heat transfer coefficients obtained from these
experimental results. In the case without porous body, the heat transfer
coefficients at the lower reaches are smaller than those at the upper
reaches. But in the case with porous body, the heat transfer coefficients at
the lower reaches remain constant or increase slightly than those at the
upper reaches.

The Nusselt numbers with porous body are shown in Fig. 3(b), and Fig.
3(a) shows the Nusselt numbers without porous body. It is found that the
Nusselt numbers with porous body become greater than those without porous
body in all ranges of Reynolds numbers, especially in the high wall
temperature condition. The average Nusselt numbers with porous body are
about 1.5 to 1.6 times larger than those without porous body.

(1/13)
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3. Thermal-hydraulic transient Analysis
3-1. CERES Modeling

The results of the heat transfer experiments were used in the plant
transient analyses. The computation code "CERES" was used to predict the
temperature profiles and velocity distribution in the plenums, and to
evaluate the effectiveness of the RVACS heat removal capability. CERES is a
3D transient calculation code which can evaluate the heat transfer and
natural circulation of an LMFBR; it can treat hot plenum, cold plenum, pumps,
pipes, IHXs, DHXs, air coolers, and the core. The governing equations treated
in CERES modeling are incompressible continuity, Navier-Stokes, and
continuity of energy. The flow is solved from pressure fields which are
obtained by solving the continuity equations that substituted the Navier-
Stokes equation with the SOR or ICCG method. The structure forms in the
plenums are expressed by the volume porosity and surface permeability
concepts.

3-2. Conditions for Analyses
An LMFBR of 790MWt, shown in fig. 4, a 10.5m diameter reactor vessel and

14.4m high (from bottom of reactor vessel to roof slab), was used as a
reference design. A sodium overflow concept was introduced in it during the
operation of RVACS. And using the porous body is the reference condition. The
properties of the heat transfer associated with RVACS are shown in Table 1.
The decay heat curve was provided in tabular data from the ORIGEN code. The
flow halving time of the primary pumps were assumed as 10 seconds, and that
of secondary pumps were assumed as 5 seconds. The control rods full
insertion time was assumed as 2 seconds. The steam generators were assumed
to be insulated immediately after scram. The pressure loss coefficient was
considered as a function of Reynolds number. The sodium overflow level was
assumed as 20cm higher than that of the normal operation level. The RVACS
air velocity was assumed to be a constant 7 m/s.

Further analyses were performed to evaluate the effects of the porous
body, sodium overflow level and reactor vessel diameter. In these analyses,
only one parameter was varied at a time while the other parameters were
restrained to their reference design values.

3-3. Results and Discussion
Fig. 5 shows the core decay heat and the heat removal by RVACS and

IHXs. The solid line shows the heat removal of the reference case (with
porous body), and the dotted line shows the heat removal without porous body.
The heat removal with porous body exceeds the decay heat about 19 hours
after shutdown, and that without porous body is still less than the decay
heat about 20 hours after shutdown. Heat removal by the IHXs decreases
instantaneously after RVACS starts.

The sodium flow patterns and the temperature profiles in the hot/cold
plenums at steady state, 2 hours, 3 hours and 22 hours after shutdown in the
case with porous body are shown in Fig. 6. Fig. 6(b) shows the flow patterns
and the temperature profiles just before the start of sodium overflow. At
that time the sodium flow rate in the core is maintained via IHXs. After the
sodium overflow path is established, the sodium flow rate in the core is
maintained via overflow path and the IHXs. The maintained core flow is
preserved until 22 hours after shutdown.

The sodium temperatures of core outlet and inlet are shown in Fig. 7.
The outlet temperatures increase quickly with decreasing sodium flow rate,
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and then decrease when the heat removal by the IHXs is reestablished (as in
Fig. 5). The secondary sodium flow rate is small 30 minutes after scram due
to decreasing difference of temperature between the steam generators and the
IHXs. But 1 hour after shutdown, the average temperature of the hot plenum
becomes higher than the secondary sodium, so the flow rate in the IHXs and
their heat removal recovered slightly.

The average hot plenum temperature and cold plenum temperature at the
two plenum elevations (Z=0.2m, 5.3m) in both the reference and without porous
body cases are shown in Fig. 8. The predicted hot plenum peak temperature
for the reference case is about 640" C at about 22 hour after shutdown. On the
other hand, without the porous body, average hot plenum temperature keeps
increasing and reaches 675*C at 24 hours after scram yet.

The effect of reactor vessel diameter on the sodium peak temperature is
shown in Fig. 9. An increase in the reactor vessel diameter to llm (from the
reference value of 10.5m) reduced the hot plenum peak temperature by 50*C
due to the sodium inventory increase and the larger heat transfer area.

The effect of the overflow level on the sodium peak temperature is shown
in fig. 10. A decrease in the overflow level to 10cm (from the reference
value of 20cm) did not have a large influence on the peak temperature of the
hot plenum. The effect of changing overflow level is small compared to that
of reactor diameter.

4. Estimation of RVACS Applicability
To estimate the applicability of RVACS to an LMFBR, a parametric study

was performed with a simple parameter model. In this model, the whole system
inside the reactor was treated as a well mixed homogeneous mass.

4-1. The Simple Parameter Model
If there is no heat removal except for that by RVACS, the conservation

of energy is

mCp -g|-= (1)

where
mCp : heat capacity of the homogenized primary system
T : temperature

Q<*ecAy ' reactor decay power
Qrv»=. : heat removal via RVACS

t : time.

In the RVACS, temperatures change slowly with time, and the system can be
treated as being in quasi-steady state. With this approximation, the heat
removal from the sodium to the air is described by the following equations:

X-(Tp-T,.v)

(2)

(3)

dL=v
(4)

(5)
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1
and

Where

= Q*

(6)

(7)

dL
A* low

removal heat flux
air velocity
thickness of vessel
area of air flow path
area of heat removal
inlet/inside
outside
average

P
Cp
X
a
a

density
specific heat
thermal conductivity
heat transfer coefficient
Stefan-Boltzman constant
emissivity
reactor vessel
containment vessel.

The same heat transfer correlation between the air and the containment vessel
as CERES analyses are used in this model (Table 1).

Initially, a comparison of reference results of the CERES code with
those of the simple parameter model was performed. In the CERES calculation,
the IHXs were insulated immediately after shutdown because of the agreement
with the simple model. Fig. 11 shows the comparison of core decay heat with
the RVACS heat removal. The dotted line denotes the results of the simple
model. It is found that the heat removal rate of RVACS predicted by the
simple model is in good agreement with the results of the CERES code.

Fig. 12 shows the predicted temperature with both models. The predicted
temperatures by the simple model have intermediate values and temperature
changes between the hot and cold sodium similar to those predicted by the
CERES code.

4-2. Results and Discussion
The applicability of this type of RVACS was evaluated by using simple

parameter model. The heat capacity of the homogenized primary system was
assumed to be in proportion to the square of the diameter. Other parameters,
such as reactor vessel height, were fixed. The reactor diameter, reactor
power, and homogenized heat capacity were changed as a parameter. In this
model, the peak critical temperature was set to 600°C because of the
temperature difference shown in Fig. 12.

Fig. 13 shows the predicted application limit. The vertical axis denotes
the approximate volume of the reactor vessel as defined by the equation:

where
V = " 4 " , (8)

approximate volume,
D : reactor vessel inner diameter,
h : height from the bottom of reactor vessel to the bottom of roof slab.

The horizontal axis denotes thermal plant power. Fig.13 shows that the RVACS
using the porous body concept is suitable for about a 450MWe LMFBR under
preconditions. If the IHXs were not insulated, or the air velocity not
assumed to be constant value, the applicability range would be greater than
that derived in this calculation.
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5. Summary
To enhance the heat transfer performance of RVACS, application of a

high-porosity porous body is proposed. From the heat transfer experiments,
the average Nusselt number with porous body is 1.5 times larger than that
without the porous body.

Using the experimental results, the plant transient analysis have been
made to evaluate the effect of the porous body on the temperature profiles
with CERES code.

This analyses reveal that the porous body has sufficient performance to
decrease the hot plenum peak temperature of the reference reactor in the TBO
event.

The effects of reactor diameter and overflow level were also evaluated.
The simple parameter model predicted that this type of RVACS is

applicable to an LMFBR in the 450MWe range.
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Table 1 Heat transfer correlations

Sodium and Reactor Vessel
Nu =4.0+0.025(Re«Pr)0-8

Reactor Vessel Conductivity
h=17W/mK

Emissivity of R/V and C/V
e = 0.8

Containment Vessel Conductivity
h = 45 W/mK

Air flow And Containment Vessel
Fig.3
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Fig.5 Comparison of core decay heat to heat removal.
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Reliability Assessment on
Decay Heat Removal System of a Fast Reactor

Kazumasa Hioki
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O-arai Engineering Center

Power Reactor and Nuclear Fuel Development Corporation

ABSTRACT

The reliability of a decay heat removal system (DHRS) is influenced
by the success criteria, the components which constitute the system, the
support systems configuration, and the mission time. Assessments were
performed to investigate quantitatively the effects of these items. Failure
probabilities of DHRS under forced or natural circulation modes were
calculated and then components and systems of large importance for each
mode were identified.

INTRODUCTION

Power Reactor and Nuclear Fuel Development Corporation (PNC) has
been performing Probabilistic Safety Analysis (PSA) on a fast reactor
plant for nearly ten years. Meanwhile a reliability database for fast
reactor components was organized, a network of computer codes for PSA
was developed and a technical base for PSA on a fast reactor was
established.

PSA is effective even in a conceptual design stage to pursue a
rationally well balanced design by identifying weak points in design and
by comparing it with alternative designs. In this study a typical loop type
LMFBR of 600MW class was chosen as a model plant and a reliability
analysis was performed on DHRS. Effects of success criteria, system
configuration, and others were analyzed and discussions were made on
rational methods to improve the reliability which include the effect of
decay heat removal by natural circulation. When we discuss reliability in
this paper, failure probability of DHRS per demand is considered, and the
effect of initiating events which bring about the demands are not
considered.

1. System Model

The system model analyzed is, as shown in Figure 1, the
Intermediate Reactor Auxiliary Cooling System (IRACS) type that
branches out of the Intermediate Heat Transport System (IHTS). The
decay heat is transferred from the Primary Heat Transport System (PHTS)
to the IHTS through the IHX, and released to the atmosphere via the Air
Cooler in the IRACS. The water-steam system that serves as the heat sink
under power operation is not considered as part of the DHRS in the
assessment. The frontline system of each DHRS loop consists of the
components shown in Table 1. Among the components shown in Table 1,
PHTS pony motor, IHTS pony motor, air cooler blower, stop valves at the
inlet and outlet of Steam Generator (SG) are necessary only in the Forced
Circulation (FC), and other components are needed also in the Natural
Circulation (NC). The stop valves need to be closed to isolate the water-
steam system from the DHRS in the FC mode. The support systems of the
DHRS considered include, as shown in Table 2, Vital AC Power Supply,
Emergency Power Supply, and Component Cooling System (CCS). In the NC
mode only Vital AC Power Supply is needed to control the valves, the
dampers, and the vanes. In the FC mode Emergency Power Supply and
CCS are needed for the active components such as pumps and blowers.
The interdependency among the support system is shown in Table 3 and
Figure 2. CCS is supported by Component Cooling Water System (CCWS),
and CCWS by Cooing Seawater Service System (CSSS).

2. Failure Probability of the DHRS per loop

The unavailability and the unreliability of the system are calculated
with a data base which was developed using CREDO. CREDO (Centralized
REliability Data Organization) is a reliability database for fast reactor
components which has been developed under cooperation of US DOE and
PNC. Unavailability of a component is defined as the probability that a
component fails to respond as required upon demand. Unreliability of a
component represents the probability that a component fails during a
certain time duration termed the mission time.

The failure probability of the DHRS FC and NC per loop when the
mission time is set 168 hours is shown in Table 4. The failure probability
of one loop in NC is approximately one sixth of that in the FC. The
unavailability and the unreliability of the accessories of the components
such as cables and breakers are also included. The unavailability includes
the effect of the maintenance outage. The effect of the recovery action by
the plant personnel is not included. These are both conservative
assumptions. Periodic tests are assumed to be performed pnce a month,
but the the test outages are not considered because of the test override
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function. Fault trees for the support systems were constructed based on
the design of the prototype fast reactor plant because the detailed design
of the model plant was not available.

Figure 3 shows the importance of the frontline system components
and the support systems. In the FC mode the importance of the
unreliability of the CCS and the pump are large. This indicates that the
importances of active component and its support system are large. The
failure probability of NC is much smaller than that of the FC because the
active components such as pumps and blowers and their support systems
are not necessary, but the importance of the unavailability of the
frontline system (e.g. Damper fails to open) is relatively large. In order to
improve the reliability of the DHRS, it is necessary to strengthen the test
on those important components and keep the unavailability low. The test
override function would be very effective to avoid the test outages.

The components which constitute the DHRS differ slightly with the
type of the DHRS, but the important components and support systems (e.g.
pumps, dampers, and CCS) are always necessary and the effect by the
difference of the DHRS type is relatively smaller than that caused by the
success criteria and the system configuration mentioned below.

3. Failure Probability of the DHRS

The reliability of the DHRS varies with the success criteria, i.e.
whether the FC is needed or the NC is enough, how many loops are
necessary in each mode, how many hours the DHRS needs to operate. It is
assumed that the plant being analyzed has three loop IHTS and each loop
has a DHRS, and each DHRS has independent support systems. The success
criteria is set as the following: One loop FC until one hour after reactor
shutdown and one loop NC until 168 hours after that. The result is shown
by the broken curve-1 in Figure 4. The increment of the failure
probability between 1 hour and 168 hour is smaller than that at 0 hour.
This means that the effect of the success criteria just after shutdown is
the largest. The failure probability of the DHRS when the success criteria
is relaxed as much as possible i.e. only one loop NC is enough throughout
the mission time, is shown by the broken curve-2 in Figure 4. The failure
probability is approximately one 16th at time 0 and one fourth at 168
hours of the curve-1. The points 5 and 6 in the figure correspond to the
failure probability of the DHRS when the success criteria is 3-loop and 2-
loop NC respectively. From the view point of the reliability, it is desirable
to have a design which does not require FC of DHRS as success criteria.

4. The Effect of Additional DHRS Loop

It was indicated in Section 3 that the unreliability keeps increasing
with time even if the success criteria is only one loop operation (300%). If
the initiating event is a coolant leakage type, the mission time of DHRS can
be longer. The failure probability of DHRS when the mission time is one
month is also shown in Figure 4 with curves-1 and -2. Therefore in this
section, an assessment was made on the effect of an additional DHRS loop.
A Direct Reactor Auxiliary Cooling System (DRACS) with smaller heat
removal capability was considered. "Smaller heat removal capability"
means that the DRACS alone does not have enough capability right after
the reactor shutdown, but it does have when the decay heat decreased
some hours after reactor shutdown. It was assumed that the DRACS also
has support systems which are independent from the other DHRS support
systems. Also assumed is that the decay heat can be removed only by the
DRACS 24 hours after reactor shutdown. The results are shown with the
solid curves-3 and -4 in Figure 4. The curve-3 stands for the case that
one loop IRACS FC is necessary for one hour after reactor shutdown, and
the curve-4 one loop IRACS NC. The increase of unreliability between 24
hours and 720 hours is approximately one fourth of those of curves -1
and -2. It was proved that the added DRACS effectively limits the
increase of unreliability.

5. The effect of the number of support systems

An assessment was made on the effect of the additional DHRS
frontline system in the former section, and each frontline system was
assumed to have independent support systems there. Here in this section,
the effect of support system number is analyzed. The results are shown
in Figure 5. The success criteria is assumed one loop FC or NC throughout
the 168 hour mission time.

When the success criteria is one loop FC, contribution of support
system is dominant. The failure probability of DHRS does not decrease
drastically even if the number of frontline system is increased. For
example, f(4,2) (see note) is not much smaller than f(3,2). On the other
hand, f(3,3) is approximately one fifth of f(3,2). When the number of
support systems is smaller than the number of frontline systems, the
failure probability is dominated by the support system. Therefore the
effect of adding only the frontline system loop is small.

When the success criteria is one loop NC, the contribution of
frontline system unavailability is relatively larger than in the case of FC.
Thus strengthening the frontline system also effectively decrease the



failure probability. For example, f(4,2) and f(3,3) are both 40% smaller
than f(3,2).

note: f(m,n) means the failure probability of DHRS with m frontline
systems and n support systems

6. Discussions on the Reliability of DHRS

Reliability analyses on the DHRS of a fast reactor plant were
performed and the following insights were obtained.

a. Failure probability of NC is approximately one sixth of that of FC per
loop in the IRACS type DHRS when the mission time is 168 hours.

b. Of large importance are unreliability of CCS (40%) and pump (20%) in
FC mode, unavailability of dampers at the inlet and outlet of air
cooler (40 %) in NC mode.

c. The success criteria just after the reactor shutdown affects most on
the failure probability of DHRS. If one loop FC is needed for first one
hour, the failure probability of DHRS is approximately four times
larger than the case where one loop NC is enough when the mission
time is 168 hours.

d. Adding one loop DHRS with smaller heat removal capability makes
the unreliability in 720 hours one fourth, and effectively limit the
increase of unreliability when the mission time is long.

e. The contribution of support system is large in FC mode. Therefore
adding only the frontline system loop is not very much effective.

f. In the case that the success criteria is NC, strengthening the frontline
system is also effective because the contribution of frontline system
unavailability is large.

g. The effect of type of DHRS on the failure probability is smaller than
those of success criteria and support system configuration.

7. Concluding Remarks

Factors that dominate the system reliability such as the importance
of support systems under FC mode operation were identified, effects of NC
heat removal were analyzed, and insights were obtained into the methods
to improve the reliability of DHRS. In the NC mode unavailability of

active components are important to secure heat sink. In order to achieve
high level of reliability i.e. lE-7/d level, recovery actions by plant
personnel should be taken into consideration. Further study needs to be
performed to evaluate the effects of common cause failure, initiating
event dependency etc.
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The EFR reactor protection system and third
shutdown system for risk minimisation

D.N. Millington

ABSTRACT

This paper summarizes the approach taken to reactor shutdown in
the design of EFR. The reactor protection system (RPS) is
designed to perform an automatic shutdown following a design
basis fault. It consists of two independent and diverse sub-
systems each of which has a number of associated measured trip
parameters. Each sub-system also has a set of diverse absorber
rods suspended by electromagnets, either of which can shut down
the reactor. The total reliability of the RPS is 10"8 failures
per demand.

A third shutdown level concept has also been introduced into the
EFR design to protect against beyond design basis faults. This
comprises various options for passive safety features, which
mitigate the consequences of failure of the reactor protection
system. These include:

Control rod driveline enhanced thermal expansion
(CREED) , to insert the rods into the core if the
outlet temperature should rise.

Absorber rod stroke limitation device (SLD) to protect
against inadvertent withdrawal of an absorber from the
core.

The design concept and performance of each of these devices is
described in the paper.

This paper briefly describes the approach taken in the design of
EFR to reactor shutdown. Due to high requirements on the
reliability of reactor shutdown, the reactor protection system
(RPS) comprises two independent reactor trip systems which
trigger two independent shutdown systems.

The relationship between the shutdown systems and failure
probability for initiating faults of each category is shown in
figure 1. The trip parameters that are used to detect each of the
design basis faults are shown in figure 2.

To minimize the risk of common mode failure and to achieve a very
high reliability of protection in general the following
principles are applied :

- Independence
consisting of :

between both trip systems is required

physical separation against internal and external
hazards

functional isolation against internal hazards

- The RPS is seismically qualified and it is protected by
building design.

- Diversity between both trip systems is required. In
accordance with the consistent design the applied
technology for the first trip system is a conventional
hardwired one, and for the second trip system a
microprocessor based one. This does not exclude that when
EFR goes into construction, the conventional technology
will be microprocessor based.

- Each category 2 and 3 event which could potentially
exceed category 4 limits requires a reactor trip by two
diverse shutdown parameters. One shutdown system triggers
the first trip system and the second shutdown parameter
triggers the second trip system.

- Each category 4 event which could potentially exceed
category 4 limits requires a reactor trip by one shutdown
parameter and an additional diverse protection which is not
necessarily provided by the RPS.

The RPS is subdivided into 6 functionally isolated safety groups
which are distributed to two or three physically segregated
divisions.

Figure 3 shows the principal structure of the hardwired RPS. One
trip system triggers 12 of the control and shutdown rods (CSD)
and 5 of the diverse shutdown rods (DSD), the other system
triggers 12 DSDs and 4 CSD. Each system alone is sufficient to
shutdown the reactor. The reliability of the shutdown system is
improved by the incorporation of an optical link between the two
absorber groups which will causes a signal to release one group
also to delatch the other.
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The relationship between the two shutdown systems is illustrated
schematically in figure 4, together with the neutronic design
requirements placed on the absorber rod systems in order to
achieve shutdown.

A third shutdown level has been introduced into the EFR design.
This includes various options to mitigate the consequences of
beyond design basis accidents, in particular those caused by
failure of the reactor protection system. The third shutdown
system relies on passive devices whose operating principles are
entirely separate and diverse to the RPS.

Two of these passive safety features will be described. CREED is
designed to protect against untripped loss of primary flow and
untripped loss of heat sink. SLD is designed to protected against
untripped slow transient overpowers.

CREED (Control rod enhanced expansion device) is a candidate
component of the third shutdown level for EFR. It is a passive
mechanism for the rapid insertion of absorber rods into the
reactor core in response to an increase in core outlet
temperature.

The safety role of CREED is to mitigate the consequences of slow
unprotected accidents and to prevent their escalation into whole
core accidents. The aim of the device is to prevent boiling of
the primary sodium.

A significant safety feature incorporated into CREED is the CSD
rod self actuated shutdown system (SASS). Initiated by a rise
above normal core outlet temperature this feature which is
completely independent from the reactor protection system
provides ultimate reactor shutdown through release of the CSD
rods. If the rods fail to enter the core under gravity after
release, then CREED is capable of providing a substantial
insertion force to overcome hypothetical blockages within the
core.

CREED is effective against the following initiators :

i) Untripped loss of flow (ULOF)

ii) Untripped loss of heat sink (ULOHS)

iii) The device will also reduce the rate of reactivity
insertion during a slow transient over power.

Two distinct variants of the CREED concept are being studied with
the EFR project at present. One is based on thermal expansion of
a fixed mass of liquid sodium (Figure 5) , the other on the
deflection of a stack of bimetallic washers (Figure 6).

The performance of the device during a ULOF is shown in figure
6. The figure shows the behaviour of CREED compared with the
conventional 1st and 2nd line RPS response.

The inadvertent withdrawal of one or more CSD rods is a design
basis fault. The design basis objective is to prevent fuel

melting. The purpose of the absorber rod stroke limitation device
(SLD) is to terminate withdrawal of the runaway rod and to
initiate reactor shutdown. Withdrawal limitation must occur
within the upper and lower limits of fuel operating conditions.

The lower limit is related to the capabilities of the design
basis protection system, and the device may allow conditions to
develop which are at least as severe as those which would develop
at the point of reactor scram initiated by the slowest acting
line of defence, in this case flux monitoring.

The upper limit for withdrawal termination is that which will
ideally prevent fuel melting in the affected subassemblies, and
certainly prevent fuel pin failure.

SLDs will be fitted to each CSD drive mechanism, and will form
a part of the 3rd shutdown level.
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PFBR REACTOR PROTECTION - INDIAN PRESENTATION AT THE IWGFR

SPECIALISTS MEETING AT OAR I , JAPAN FROM 5TH - 7TH NOV. 1 9 9 1 .

S .R. P a r a n j p e
Director

Indira Gandhi Centre for Atomic Research
Kalpakkam 603 102, India.

1.0 Design philosophy adopted for Prototype Fast Breeder

Reactor (PFBR) is classical and has the following salient

features : -

a) - Triplicated sensors are used to measure parameters

important to reactor safety and are. connected by a "2 out of 3"

logic to the reactor protection system. Selection of parameters

is based on the well developed concepts of diversity.

- Parameters entering the safety logic are:

i ) Neutronlc: Neutron flux and reactivity or period

deduced from neutron flux measurements. In the low power

range, i t is the period while in the high power range

reactivity is preferred.

i i ) Thermal: Flow of primary sodium and temperature

rise across the core are used to determine the thermal

output. Flow measurement is based on in-line flowmeters on

the pump - grid plate connection and eddycurrent flowmeters

mounted in the core cover plate in few selected locations

provide the requisite back up. Temperature of sodium as it

exits from individual fuel sub-assemblies is used as a

measure of adequacy of cooling of individual fuel

XA0055521

subassemblies and to provide determination of thermal output

with the help of measurement of core inlet temperature.

i i i ) Others:

- Output of Neutron detectors of failed fuel detection

system.

Loss of electrical power to control rod drive mechanisms

and to Electronic Cabinets associated with safety

channel s.

Water leak in Steam Generators detected by H -detection
2

or accoustic signal analysis.

Seismic signals.

Operator push button

b) Two independent Reactor Protection Logic Systems are

provided based on solid state devices. Each reactor Protection

Logic System is supplied independently of all inputs from the

sensors mentioned in (a) above. The health of the first Reactor

Protection Logic System is monitored by a pair of

microprocessors while the health of the other is monitored by

Pulse Coded Logic.

c) Reactivity Control is achieved by means of control rods.

See fig. 1.0 for their disposition. The control rods of two

different designs are provided. Each set is capable of shuting

down the reactor safely to cold shut down state even when one

most reactive control rod is considered non-available ("Stuck"

rod criterion) Each set of rods is commanded by the output of

both Reactor Protection Logic Systems.

There are 9 control rods of design 'A' - each worth 644.4 pern

and 3 control rods of design 'B• - each worth 920 pcm.



The drive system is so designed as to provide outward movement of

only one control rod at a time and command for inward movement

has a priotity over outward movement. Under the influence of

"Lowering of Rods" ordered by the Reactor Protection Logic.

Outward movement of the control rod if in progress is arrested

and all rods of design. 'A' move inwards. "Lowering of Rod"

command does not influence the control rods of design 'B' which

are lifted one at a time at the start of reactor and kept

poised outside the core in the blanket region to scram the

reactor whenever the 'scram' command is revived ie. right.

During normal operation all but one control rods of

design 'A' are maintained at one level and reactor power

adjustment is carried out with the help of the nineth rod. When

a significant level difference is reached between the eight

control rods of design 'A' on the one hand and the nineth rod

used for adjustment of reactor power and burn-up compensation,

the levels of all of them are adjusted to near uniform level by

appropriate and successive level changes of all rods.

The speed of movement of control rods of both design is

limited to 3 mm/sec for both inward and outward movement

achieved with the help of drive motors.

15% Uncertainity in the computation of the worth of

control rods has to be allowed separately from t he uncertainty

in the calculations of various reactivity effects. The
10

uncertainty is provided for by using a higher enrichment in B

while calculating the required worth. After actual measurement of
10

reactivity changes and control rod worths, adjustments in the B

concentration for the control rod elements will be made at the

time of ordering the replacements.

d) Gas equipped modules are proposed to be provided at the

core blanket interface to provide a negative reactivity of 275

pern provided actual experimentation in FBTR can confirm their

utility. These modules are expected to enhance the safety

margin during an automatic shut down of the reactor without

assistance of the control rod drive mechanism in the event of

major incidence like loss of power or loss of heat sink.

e) Safety action ordered by the Reactor Protection Logic

System are of two types:

i) Lowering of all the control rods is initiated by the

Reactor Protection system when any of the parameters

important to reactor safety reaches the threshold for

safety action.

ii) "Scram" by dropping all the control rodss under

gravity in the event of a major departure of any parameter

important to reactor safety. In order to improve safety, 3

control rods in the secondary system are held in position by

a 'CURIE POINT1 magnet. In the event of magnet gets
o

overheated, (> 600 C) it demagnetises and results in the

dropping of the rods.

2.0 The parameters responsible for initiating the safety

action are given in Table I and the safety limits set on these

parameters are given in Table II.
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3.0 The expected reactivity changes during reactor

operations for mixed oxide fuel can be given as :-

i) Reactivity changes due to change in }
o }

the temperature from 180 C (cold shut }
o

down) 380 C ( hot shut down state) }

ii) Reactivity change with variation of

power 0.0% to 100%

iii) Reactivity change for quarterly
refuelling

iv) Maximum reactivity swing associated

with build up of fissle material in

the blanket (from fresh blanket to

equilibrium state of the blanket)

v) Operating margin =

vi) Uncertainity in calculation of =

of various activity affects(15% of

reactivity changes associated with

items (i) to (vi) above.

Total reactivity change =

600 pern.

1000 p<nn

1650 pcm.

800 pcm.

350 pcm

660 pcm

5060 pcm

- For other fuels, correspondingly reactivity changes will

b e sma Her.

4.0 DESIGN VERIFICATION

i. It can be seen that any two control rods of design 'B'

can provide a cold shutdown with a 15% margin for

uncertainity in the reactivity effects.

ii. With 9 control rods of design "A1 in the core, the

reactor will be subcritical by 740 pcm even when all rods of

design 'B' are moved out of the core as the shut down

margin is 3850 pcm.

iii. With both sets acting under the scram order, hot shut

down will be achieved with only two "B' type rods or a

combination of 1 'B' type rod and 1 'A' type rod or only

four 'A' type rods out of nine can shut down the reactor.

Hence a reliability figure as small as 0.9 pu drive

mechanism" can give an overall failure probability of
-7

< 1x10 /demand for hot shut down.

Cold shutdown can be attained by 6 rods of design *A'

and that still leaves sufficient margin in the form of 3

rods of design 'B' and 3 rods of design 'A' to ensure

a safe shut down. Hence reliability of shut down system will

be determined by the reliability of Reactor Protection logic

system.

iv)- As worths- of individual control rods are relatively

small; significant flux distortion are absent and

shadow/antishadow effects are small.

v) With control rod speed of 3 mm/sec; the maximum

rate of reactivity addition is limited to 3 pem/sec.

This enables smooth safe start-up and also leaves adequate

margin to protect the reactor in the event of an

uncontrolled withdrawal of a control rod. Conservatively

basic reactivity addition rate of 5 pem/sec is assumed for

study of its implications. See Table 3a to 3c. It also



leaves adequate margin to safely shut down the reactor in

the event of an uncontrolled withdrawal of one control rod.

See Table 4a to 4c.

5.0 CONCLUSION

It can be seen that safety of the reactor can be

achieved with a traditional approach as inherrant features of

LMFBRs make the task easy.
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Table 1

Input Parameters for Reactor Protection System

S . N o . Input Symbol

1 High Neutron flux in the s tar t -up range ' Log N

2 High ra te of flux (period) in the s tar t -up range TN

3 High Power (Linear) in the Power ran'ge Lin P

4 High Power (Log) in the Power range Log P

5 High ra te of power change in Power range (Period) TP

6 High Core outlet temperature HT

7 Power to Flow Ratio P/Q

8 Fuel element fa i lure by DND DND

9 Steam Generator l e aks SGL

10 Loss of e l e c t r i c a l power (CRDM & E l e c t r o n i c s LEP
Cabinets supply)

11 Earthquake EQ

12 Operator Push Button OPR

Table 2

Safety Settings

S.
No.

LOR Scram

1. Period

2. Reactivity change

3. Na temperature at the exit of fuel
subassembly

4. Average temperature rise of Na
as it passes through the core

5. Reactor power

6. Power to flow ratio

10 sec 5 sec

+10 pern +15 pem
o o

+10 C +15 C

o o
+10 C +15 C

+10 % +15 %

+ 7 % +10 %



Table 3a - PFBR Oxide Core Table 3c - PFBR Metal Alloy Core

Time Variati on of Power. Period. Reactivity, Fuel, Clad, and
Coolant Temperature f or Reactivity Addition Rat es of 5 pna/sec

Initial power = 2000.0 W

Time Variation of React or Power, Reactivity, Period, Tf c, Tsi and
Tco for reactivity addition rates of ̂  pcm/sec

Initial power of the reactor = 2000 W

O

Time Power
(S) (MW)

Reactivity
($)

Period
(s)

Tf c
( O

Tsi
( C)

Tco
( C)

Reactivity addtion rate 5 pcm/sec
0

10
30
44
50
60
70
80
90

100
*108
110
112

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

0.0020
0.0028
0.0242
2.365
77.68
367.4
546.2
720.7
904.6
1104.2
1278.3
1324.1
1370.9

-
0.1459
0.4381
0.6404
0.6659
0.3563
0.2577
0.2126
0.1856
0.1673
0.1565
0.1542
0.1520

Table 3b -

-
19.2
5.2
1.9
2.1

19.2
31.5
4'0.5
47.4
52.8
56.4
57.2
58.0

PFBR Carbide

380
380
380
382
435
941
1292
1612
1944
2301
2612
2693
2777

Core

380
380
380
380
388
445
484
519
556
596
630
640
649

380
380
380
380
386
432
463
492
521
553
581
589
595

Time Power
(S) (MW)

Reactivity
($)

Period
(s)

trip power level crossed

Tfc
( C)

Tsi
( O

Tco
( C)

Time Power
(S) (MW)

Reactivity
($)

Period
(s)

Tfc
( C)

Tsi
( C)

Tco
( C)

Ramp rate 5 pcm/sec

0

20

50

61

*62

63

68

0.0020

0.0053

12.0

1232.0

1391.0

1543.0

2229

0

0

0

0

0

0

0

•

.2613

.6506

.4745

.4486

.4253

.3382

-

11

1.

7.

8.

10

17

.3

71

66.

97

.3

.5

380

380

383

757

810

861

1092

380

380

383.5

576

604

631

754

380

380

381.1

538

561

583

684

0
10
25
50
74

*100
102

.0

.98

.98

.98

.98

.98

.98

0.0020
0.0029
0.0093
35.386
741.87
1334.7
1385.0

0
0
0
0
0
0
0

.

.148

.336

.664

.237

.161

.158

—
19
8
2

34
54
55

380
380
380
395
1037
1647
1695

380
380
380
383
526
650
661

380
380
380
381
481
567
574

10 11



Table 4a 2. PFBR Oxide Core

Time Variation of Power, Period, Reactivity, Fuel , Clad, and
Coolant Temperature for Reactivity Addition Rates of 20 pcm/sec

Init ial power = 1107.5 MW

Time Power Reactivity
(S) (MW) ($)

Period
(s)

Tf c
( O

Tsi
( C)

Tco
( C)

Ramp reac t iv i ty 20 pcm/sec

0
1
2

* 2
3
4

.25

.25

.25

1107.
1179.
1262.
1284.
1376.
1474..

5
4
8
8
6
7

0
0
0
0
0

Table

-
.051
.091
.099
.129
.154

4b -

-
14.9
14.5
14.5
14.5
1A.5

PFBR Carbide

2410
2429
2485
2505
2600
2719

Core

605
608
616
619
632
647

582
563
569
571
581
594

In i t i a l power = 1107.5 MW

Time
(S)

Power
(MW)

Reactivi ty
($)

Period
(s)

Tfc
( C)

Tsi
( C)

Tco
( C)

0
10

*46
47
60

.00

.00

.25

.25

.00

1153
1185
1327
1332
1388

0
0
0
0

Table

Ramp

_ _ _
.0115
.0257
.0259
.0281

4c -

rat e

PFBR

1 pcm/sec

353
306
305
302

Metal

1523
1547
1685
1691
1746

Alloy Core

625
630
65 9
661
673

549
553
573
574
582

Ini t ial power of the reactor = 1190MW

Time
(S)

Power
(MW)

Reactivity
($)

Period
(s)

Tfc
( C)

Tsi
( C)

Tco
( C)

Ramp

0.0
1.0

*2.50
3.50
8.00
8.75

rate 20

1190
1255
1377
1476
2121
2262

pcm/sec

0
0.0428
0.0950
0.1256
0.2257
0.2369

- —

17.7
15.0
13.81
11.7
11.64

772
783
819
849

1048
1092

589
593
611
625
730
753

550
553
567
580
664
683

12
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scram function and is a Class IE system, it has fewer inputs and less
complex scram algorithms than conventional protection systems. The ALMR RPS
requires only seven input parameters for scram; and uses scram processing
algorithms which involve only signal level comparisons against set points,
and no complicated calculations.

The ALMR also has unique mechanical and neutronic features that simplify
the design of the reactor protection and shutdown systems. The core is
small and is controlled by only six rods. Each control rod drive mechanism
has two diverse methods.of inserting the control rod in the event of a
scram, and each rod is singularly capable of shutting down the reactor.
Moreover the neutron flux distribution'across the core is flat and this
allows a single parameter to determine the core neutron power for the
purpose of RPS scram.

en
(S3

ABSTRACT

The U. S. Advanced Liquid Metal Reactor (ALMR) employs highly reliable and
diverse ways to shutdown a reactor. The design of the shutdown systems is
simplified because of the improved passive safety features of the reactor.
Advanced electronic technology is used to provide significant improvements
in the performance of these systems.

INTRODUCTION

The ALMR has three systems with active controls for reactor shutdown. They
are the Plant Control System (PCS), the Reactor Protection System (RPS),
and the Ultimate Shutdown System (USS). These systems together with the
inherent passive features of the reactor provide multiple layers of defense
against events that challenge plant safety. First the PCS, through
automatic and manual operator control, prevent the reactor parameters from
reaching RPS setpoints. The operational dynamics of the ALMR reactor design
are such that most abnormal events (including turbine trip) can be
mitigated by PCS directed power runback, and do not require RPS scram. The
RPS scram frequency is expected to be only 0.1 scrams per reactor per year.
However, if the PCS fails, or if an upset event occurs that is too fast to
be mitigated by the PCS, the RPS automatically scrams the reactor and
prevents challenges to plant safety. Finally, if the RPS also fails and the
reactor does not scram, the inherent passive safety features come into play
and keep the reactor in a safe stable state (with no radioactive release to
the environment) indefinitely. For such Anticipated Transient Without Scram
(ATWS) events, the reactor can be brought to cold critical by the USS,
which is a manually activated system that allows boron balls to drop into
the core and produce cold shutdown.

The fact that the reactor stays in a safe state for severe undercooling and
overpower transients with simultaneous failure of both the PCS and RPS, has
simplified the PCS and RPS designs. The PCS design (including the control
room console) is simplified because it performs no safety functions and is
non Class IE. The RPS design is simplified because it can be well separated
from the PCS (separate sensors and actuators); and although it performs the

CONTROL ROD SYSTEM DESIGN

The ALMR reactor has six control rods, and each is designed so that it can
be moved up and down for normal reactor power control by the PCS, and
scrammed by the RPS if safety setpoints are reached. The lower part of each
control rod assembly contains a boron absorber bundle which provides the
reactivity control when inserted into or withdrawn from the core. A block
diagram of the rod control system elements and interfacing electronics is
shown in Figure 1.

The absorber bundle is held at the top of its rod-like structure by a
collet arrangement (latch). The collet is connected by a rod to the
control rod drive mechanism where a pair of continuously energized
electromagnets (latch coils) hold the collet closed. An interruption of the
electrical current to the latch coils (by RPS scram signal) opens the
collet, releasing the absorber bundle, and allowing it to drop into the
core under its own weight.

Each control assembly also has two motors (one PCS controlled and one RPS
controlled) to control the positioning of the absorber bundle. The PCS
motor is a bi-directional shim stepping motor designed to enable the PCS to
raise or lower each absorber bundle for controlling the power of the
reactor. The RPS motor is a uni-directional DC motor (four times more
powerful than the shim motor), which when activated by the RPS as part of a
scram sequence, drives each control assembly driveline to the bottom of its
stroke to assure complete insertion of the absorber material. Each control
rod carriage has limit switches that turn-off the drive-in motor power at
the end of the control- assembly insertion. Activation of these limit
switches is recognized as confirmation that control assembly insertion is
complete.

Each control rod assembly also has a mechanical rod stop (positioned by a
rod stop motor) to physically limit the maximum amount of reactivity that
can be added if all rods ran out errantly and the RPS failed to scram.. The
stops are adjusted on-line periodically during the cycle to account for
burnup. After each adjustment, the power to Rod Stop System (RSS) motors is
turned off to prevent accidental movement of the stops during operation.

-2-
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signif icant ava i lab i l i t y improvement over conventional RPS designs. For
conventional designs, each division reads only i t s own sensor and gives a
divisional scram on the basis of 1/1 logic. Thus, i f one division is down
and the RPS is in a half scram state, the conventional RPS wi l l scram i f
any one of the other sensors indicates scram (making i t prone to
inadvertent scrams), whereas the ALHR RPS s t i l l requires two of the
remaining three sensors to indicate scram before i t issues a scran command.

The improved resistance to inadvertent scrams permits one division of the
ALMR RPS to be taken of f - l ine for automatic periodic end-to-end self test
and cal ibrat ion without .the need for any manual switching or bypassing.
This is because when a division is taken o f f - l i n e the other d iv is ions
retain their 2/3 sensor scram logic, so that i t s t i l l takes two scrammed
sensors to scram the plant. The elimination of manual bypass reduces the
incidence of inadvertent scrams due to operator error.

RPS Scram Parameters

Reactor parameters used by RPS for scram are neutron f lux, core in le t and
outlet temperature, primary flow (determined by pressure sensors), and
sodium level in the reactor. In addition, the RPS scram parameters include
secondary sodium (intermediate loop) pressure and upper containment
radiation level. Al l design basis events for which scram is required (such
as transient overpower, loss of primary f low, IHX rupture, vessel leak,
excessive pressure in the secondary from a steam generator sodium-water
reaction) are sensed through deviations in these parameters. Table 1 l i s t s
the scram sensors and parameters.

Table 1
RPS SCRAM SENSORS AND PARAMETERS

Scram Sensors

1. Neutron Flux
2. Primary Flow measured by

Prim Pump Na and Cover
Gas Pressure Sensors

3. Core Inlet Temperature
4. Core Outlet Temperature
5. Sodium Level
6. Upper Containment Radiation
7. IHTS Sodium Pressure

Scram Parameters

High Neutron Flux (Reactor Power)
High Neutron Flux to Primary Flow

Ratio

High Core Inlet Temperature
High Core Outlet Temperature
High and Low Reactor Sodiua Level
High Upper Containment Radiation
High IHTS Sodium Pressure

Neutron flux is measured by monitors located within conduits at the bottom
of the reactor. Core in le t temperature is measured by thernocouples
located in the discharge plenum of each pump. Core outlet temperature is
measured by thermocouples located approximately f ive feet above the core to
obtain the mixed mean outlet temperature rather than the outlet temperature
of a single assembly. Primary flow is derived from measurements by
pressure sensors located in the discharge plenum of each pump and in the
cover gas region. Primary sodium level is measured by conventional level
sensors inside the reactor. Secondary sodium pressure is measured by
pressure sensors in the secondary pipes outside the reactor but close to
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the IHXs. All sensors are qualified Class IE and are located within
instrument thimbles or conduits for easy servicing and replacement. Quad
redundancy is maintained for each RPS scram parameter.

All penetrations for in-vessel sensors and actuators are made through the
reactor head. There are no penetrations in the reactor vessel walls. The
sensor and actuator cables come out through penetrations in the domed
containment to the RPS electronics located in RPS equipment vaults adjacent
to the reactor.

RPS Reliability

The RPS reliability requirement for not scramming when the conditions
require scram is 1E-6 per demand. The estimated RPS reliability, based on
the quad redundant architecture is 5.2E-8 per demand, a factor of 20 better
than the requirement. The RPS electronic design also meets the availability
requirement of less than 1 inadvertent scram in 100 reactor years of
operation.

This improved performance is possible because of the redundant high
reliability electronic hardware and unique data processing software
features used in the RPS design.

ULTIMATE SHUTDOWN SYSTEM

The ultimate shutdown system (USS) provides for the shutdown of a reactor
in the extremely unlikely condition that all other methods for rod
insertion have failed. This means that for the USS to be required, the PCS
must have failed to run in the control rods and the RPS must have failed to
scram the control rods. If such failures occur, the inherent negative
reactivity feedback characteristics of the reactor will bring it to a safe,
stable condition at an elevated temperature. At this point the USS can be
actuated by the operator to bring the reactor to cold subcritical
conditions. Operator action is required to initiate activation of the USS,
and this action can be taken from either the remote shutdown facility or
the RPS vaults.

The USS consists of a container with a neutron poison (B.C absorber balls)
that is released into the reactor to bring it to cold Shutdown. The USS
controls are illustrated in Figure 3. The USS is activated by pressing a
pair of dual contact Class IE buttons. There is a pair of these buttons for
each reactor module in a panel located in the RSF and one pair in each
reactor RPS vault. The USS button contacts are testable, and the fact that
two buttons must be pressed simultaneously reduces the chance of accidental
or inadvertent actuation.

MAN-MACHINE INTERFACE FOR REACTOR SHUTDOWN

The ALMR reactor has several ways to manually shutdown a reactor. These are
shown in Figure 4, and listed below along with the location from where they
can be taken:

-8-
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1) Runback - In i t iated from the control room and from the PCS vaults
djacent to each reactor. •

2) Scram - I n i t i a t e d from the cont ro l room, remote shutdown
f a c i l i t y and from the RPS vaults in two diverse ways:

a) Through RPS electronics
b) Directly to manual scram actuators

3) USS - In i t iated from the remote shutdown fac i l i t y and from the
RPS vaults adjacent to each reactor.

High quality electronic components and redundancy is used in the MM design
to assure high r e l i a b i l i t y of the safe shutdown and monitoring function.

SUMMARY AND CONCLUSIONS

The ALMR has mu l t ip le and diverse ways to provide re l iab le reactor
shutdown. The reactor has only six control rods, and insertion of any one
of the rods is su f f i c ien t to shutdown the reactor. Insertion can be
performed by both the non Class IE PCS and the Class IE RPS. The PCS
inserts rods with the shim motors, and the RPS does th is diversely by
releasing the scram latches for gravitational rod insertion and by starting
the dr ive- in motors for motored rod insert ion. These systems are highly
rel iable, but i f they f a i l to insert the rods the inherent passive safety
features keep the reactor in a safe state. The USS can then be manually
activated to release boron balls into the reactor to produce cold shutdown.

The RPS is a quad redundant microprocessor based system that uses
f iber -opt ica l ly isolated interdivision communication to exchange sensor
data and special scram processing software to provide high scram
r e l i a b i l i t y while providing signif icant protection against inadvertent
scrams.

An advanced and highly reliable man-machine interface is provided in the
control room, remote shutdown f a c i l i t y and the reactor vaults for safe
shutdown and monitoring of the reactor.
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Reliability Analysis of Self-actuated Shutdown System

S.Itooka 2)
K.Satoh 1)
Y.Tsukui 1)
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A.Okabe 2)

Abstract

An analytical study was performed for the reliability of a
self-actuated shutdown system (SASS) under the unprotected loss
of flow (ULOF) event in a typical loop-type liquid metal fast
breeder reactor (LMFBR) by the use of the response surface Monte
Carlo analysis method. Dominant parameters for the SASS, such as
Curie point characteristics, subassembly outlet coolant tempera-
ture, electromagnetic surface condition, etc., were selected and
their probability density functions (PDFs) were determined by the
design study information and experimental data. To get the re-
sponse surface function (RSF) for the maximum coolant tempera-
ture, transient analyses of ULOF were performed by utilizing the
experimental design method in the determination of analytical
cases. Then, the RSF was derived by the multi-variable regression
analysis. The unreliability of the SASS was evaluated as a proba-
bility that the maximum coolant temperature exceeded an accept-
able level, employing the Monte Carlo calculation using the
above PDFs and RSF. In this study, sensitivities to the dominant
parameter were compared. The dispersion of subassembly outlet
coolant temperature near the SASS-was found to be one of the most
sensitive parameters. Fault tree analysis was performed using
this value for the SASS in order to evaluate the shutdown system
reliability. As a result of this study, the effectiveness of the
SASS on the reliability improvement in the LMFBR shutdown system
was analytically confirmed.

This study has been performed as a part of joint research and
development projects for DFBR under the sponsorship of the nine
Japanese electric power companies. Electric Power Development
Company and the Japan Atomic Power Company.

1.Introduction

A reactor shutdown system in DFBR consists of two independent
systems (Primary shutdown system and secondary shutdown system)
and has a high reliability. For more reliability improvement,
SASS, which drops a control rod at the detection of reactor
accidents without an action or a signal, is developed. The
installation of the electromagnetic type SASS against the common
cause failure (CCF) of the electric device has been planned.

Objectives of this study are a investigation of a reliability
evaluation method and a quantitative evaluation of SASS unreli-
abilityl Then, an influence of uncertainty factors on SASS
reliability could be understood and future problems could be
confirmed.

2.Characteristics of SASS

In the SASS, an electromagnet has a temperature sensitive alloy
in which saturated magnetization steeply decreases at the curie
point. Therefore, the SASS holds a control rod at normal condi-
tion and releases the control rod spontaneously when an abnormal
core temperature rise occurs.

A structure of SASS is shown in fig. 1. For suitable duration
time with SASS, the temperature sensitive alloy should have a
suitable magnetic characteristic, and there should be an ade-
quate coolant flow around the SASS.

So, the reliability of SASS is influenced by an uncertainty of
the magnetic characteristic in the temperature sensitive alloy,
an uncertainty of duration time in the coolant flow and an
uncertainty of temperature behavior in the temperature sensitive
alloy.

3. Investigation of a probability evaluation method

Firstly, uncertainty factors of SASS reliability have been
selected. They have been categorized into three items which have
been a duration of a coolant temperature rising around the SASS,
a decreasing delay of holding force and a temperature rising
delay in the SASS. Uncertainty widths of these items have been
defined based on test results for SASS development and so on.
These numbers are shown in table 1.

1) The Japan Atomic Power Company, Ohtemachi, Chiyoda-ku, Tokyo,
100 Japan

2) Hitachi Works, Hitachi Ltd., Saiwaicho, Hitachi-shi, Ibaraki,
317 Japan

A setting of a response surface is presented. Firstly, tran-
sient analyses cases have been defined and have been calculated.
In this study, ULOF cases have been calculated, because of
severe conditions for SASS design. Then, the response surface
has been defined from these calculation results using multi-
variable regression analysis. An evaluation flow of the response
surface and an example of the response surface equation are
shown in fig 2.
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Unreliability of SASS has been calculated by using the Monte
Carlo analysis. Firstly, probability density distributions of
uncertainty factors have been defined and data sets of these
factors have been picked up, based on these probability density
distributions. Then, the response surface equation has been
calculated on these data sets. So, a probability density distri-
bution of transient results has been obtained from these calcu-
lation results. The flow of the response surface Monte Carlo
analysis is shown in fig 3.

4.Reliability of SASS

Results of SASS unreliability are shown in fig 4. These results
are influenced by the a core exit temperature and the SASS
actuation temperature. When the core exit temperature changed to
530 C from 550 C, an unreliability of SASS decreased about one
order. This difference decreased, when the SASS actuation tem-
perature increased.
In fig 5, influences of uncertainties for SASS unreliability
are shown. The unreliability of SASS decreased one order in the
case of 1/2 of the uncertainty data of an assembly exit temper-
ature and an irradiation effect in the core exit temperature of
550 C. This difference decreased, too, when the SASS actuation
temperature increased.
Results of unreliability evaluation in the reactor shutdouw
system are shown in fig 6. These are results in the case of an
assembly exit temperature high signal, without SASS and with
SASS.
In the case without SASS, Failure probabilities of a control
rod, a thermocouple, a transmitters modulator, a compariter and
a or-gate occupied the same rate in the failure probability of
the reactor shutdown system. In the case without SASS, the
failure probability of the control rod comprised most of the
failure probability of the reactor shutdown system. So the SASS
was effective as a countermeasure for CCFs of electric devices.

5. Conclusions

SASS reliability has been applied using the response surface
Monte Carlo analysis and has been evaluated quantitatively. The
influences of the SASS actuation temperature and so on, have
been confirmed for the SASS reliability, and the reliability
improvements of a reactor shutdown system by the SASS have been
prospected as a countermeasure for CCFs of the electric devices.

Table 1 Uncertainty factors of SASS reliability

6.Future problem

the SASSFuture Problems are as follows in the evaluation of
reliability and the development of the SASS.
- Collection of any uncertainty data
- Decreasing the uncertainties of the assembly exit temperature
and irradiation effect.

- Evaluation of SASS error actuation in nominal operation.

Item

Duration of coolant
temperature rising
around SASS

Decreasing delay
of holding force

Temperature rising
delay in SASS

uncertainty Factor

Coolant exit temp.
from assembly

Coolant transport delay
ill)

Condition of parting
plane

[ID
Irradiation effect

ieat transfer delay
• oioo

in SASS
in

Length error in SASS
DEE)

Uncertainty width

30°C

0.5 sec

15°C

20°C

0.2 sec

0.3 sec



Evaluation flow of a response surface

Selection of transient
analyses cases

(2? cases)
»

Transient analysis
(Parameter;
Uncertainty factor)

i

Multi regression analysis
i

Response surface

Analysis case: ULOF
(Severe condition

for SASS design)

Coolant exit temperature
of the nominal assembly

Equation of the response surface

y = 832.3 - 49.32X? + 6.47X? + 23.64X3* + 20.90X,*

+ 2.22X5* - 6.02X; • X3* + 6.16Xs' - X5* + 3.21 X6* • Xs*

+ 4.98X,* • X/ - 8.18X,' • X; + 3.92X3* • XT

Fig 2 An evaluation flow of the response surface and an example
of the response surface equation
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1.

ABSTRACT

A reactor shutdown system is designed generally as an
active system. It has also a passive function of gravitational
insertion. In order to improve the~feliability of the reactor
shutdown system, a design having as much passive function as
possible is aimed. Events to be protected by the passive function
are studied, and independent shutdown subsystems that have
temperature switching mechanism in a main subsystem and a
curie point electromagnet mechanism in backup subsystem are
designed.

R&D has been performed as to the curie point
electromagnet mechanism in fields of electromagnetic
characteristics, quick responsiveness and analytical estimation
of temperature response. Through R&D and design, affecting
factors to a reliability are analyzed in case of applying the
mechanism with a curie point electromagnet to a large FBR.
After identifying factors not to actuate and factors to operate
spuriously, possibility of demand failure and erroneous
operation is considered. The passive mechanism using a curie
point electromagnet in the present design has relatively high
reliability in loss of flow type events, but has low reliability in
transient overpower type events. As for a probability of spurious
actuation, a design of appropriate margin for a curie point
temperature makes it to a sufficiently low level.

INTRODUCTION

A reactor shutdown system including a-reactor protection system is
generally required to design with multiplicity, diversity, independency,
shutdown capability at abnormal events, shutdown margin, testability, etc. In a
design of large FBR, a system is usually constructed that has a reactor shutdown
system with main and backup shutdown subsystems. Each subsystem has
multiple detection systems, a reactor protection system composed of logic circuit
of '2 out of 3' or '2 out of 4', circuit breakers, and control rods.(Fig.l) This system
is consisted of functional elements of detection, signal transmission, delatch, and
absorber insertion. In this system, gravitational force, gas pressure and spring
energy for absorber insertion are utilized as a passive mechanism, and a fail safe
design is adopted against loss of electric power.

New types of a reactor shutdown mechanism have been studied in order
to improve reliability of the usual reactor shutdown system. These new types of a
reactor shutdown mechanism are realized by adding a new mechanism to a usual
shutdown system or equipping a different subsystem, taking account for passivity
and diversity. As a result, two kind of mechanisms of a thermal sensitive switch
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and a curie point electromagnet are selected and added to a shutdown system in a
design study for a large FBR.

These mechanisms do not effect passively the purpose of the original
shutdown system. That is, the original shutdown system expected to actuate at
abnormal occurrences and accidents, whereas the passive mechanisms do not
actuate at abnormal events. The passive mechanisms substitute conventional
delatch mechanism with a reactor protection system when a usual active system
fails.

Several experiments and tests were performed in PNC.(1) Temperature
sensitive metals for curie point electromagnet (CPEM) were submerged into high
temperature sodium to test fundamental electromagnetic characteristics. And
transient responses of the CPEM were examined using the sodium thermal shock
test apparatus. Electromagnetic force can be decreased from twice of a control rod
to a half of a rod due to increase of surrounding sodium temperature of the CPBM.
The electromagnetic force changes fairly swiftly in the temperature width of
about 30 °C, and quick delatch mechanism is expected. Feasibility of a passive
mechanism is proved in general.

In the design study, passive mechanisms are focused to the CPEM and
temperature sensitive switch located in control rod channels. In following
sections, for a passive mechanism using the CPEM, events to be protected by a
passive mechanism and its design, factors affecting the reliability of the CPEM
delatch mechanism, and effect on the response of passive delatch mechanism and
its failure probability are discussed.

2. EVENTS TO BE PROTECTED BY PASSIVE MECHANISM AND
DESIGNING PASSIVE MECHANISMS

The passive mechanism should protect a core when a usual active system
fails at anticipated transient, that is, so called ATWS. When the passive
mechanism functions and absorbers are inserted into a core, it is not reasonable to
say this event ATWS. A reactor shutdown system that must be actuated quickly
at anticipated transients and accidents is called a (normal) shutdown system. The
case that this normal shutdown system does not actuate is called WoNS (Without
Normal Scram). ATWoNS denotes anticipated transient WoNS. ATWoNS is
grouped into loss of flow(LOF) WoNS, transient overpower(TOP) WoNS, and loss
of heat transport system(LOHTS) WoNS, and others.

Such events as a pump trip of a primary cooling circuit, loss of off site
power and a pump stick are supposed to be representative loss of flow events. A
pump stick event is considered less frequent than a pump trip event.
Superposition of WoNS on a pump stick can be excluded because of its extremely
low probability. A typical initiating event for LOF-WoNS is a loss of off site
power. When this event is postulated, it is necessary to catch temperature
increase due to flow decay in the core. That electric power supply for delatch
magnets is common with pump power supply is worth decreasing a probability of
LOFWoNS.

- 2 -

Erroneous drawing out of a control rod, induction of cold sodium into the
core, reactivity insertion by earthquake, passing of bubble through the core, etc
are considered as transient overpower events. The rate of reactivity insertion is
usually a few cents per second. A typical initiating event for TOP-WoNS is
drawing out of a control rod. For this case, it is necessary to catch increase of
power or temperature of the core. For the core of large FBR, power is increased
accompanying local power distortion around the extracted rod. If the extracted
rod has a capability of temperature sensitiveness and it drops by itself, a cause of
the abnormal event itself is removed.

For an event relating to a loss of heat transport system, a pump trip of a
intermediate cooling system and a failure at a water/steam system are
considered. Though this type of events have relatively high frequency, effect on
the core appears slowly.

Local faults range from small to large in scale. A small scale local fault
has little effect on core thrmo-hydraulics. It must be detected through change in
radioactivity level in the reactor system, following reactor manual shutdown.
Sodium-water reaction resulted form SG tube failure is regarded as a loss of a
intermediate heat transport system. It has little effect on the core as long as the
amount of leaking water is small.

There considered to be two ways of CPEM delatch mechanism depending
on the CPEM position in control rod channel. One is that the CPEM is located in
a upper core structure (UCS). The other is that the CPEM is located in a lower
control rod guide tube(LCGT). Flow control is necessary for both ways to assure
uniformity of sensitive temperature. (Fig.2)

Control rods of a main shutdown subsystem should move during
operating cycles because of their service as a power control system. A holding
magnet of the subsystem also moves. The mechanism using CPEM is less
appropriate for the main shutdown subsystem because of difficulty in flow
control. A temperature sensitive switch mechanism which has a detection part
independently from a delatch mechanism is more appropriate.

The passive mechanism is added to a normal shutdown system assuming
the case that the normal shutdown system does not function. This situation is
regarded as a beyond design basis for the normal shutdown system. It may be
approved that more probable evaluation than a design basis event is pursued.
Success criteria for the passive mechanism of RSS is considered less severe than
that of DBEs which requires maintaining coolable geometry of core.

These criteria are preventing fuel pellet from melting, preventing
coolant from boiling, preventing fuel cladding from burst failure, and preventing
a coolant boundary from damaging.

The shorter a response time of the passive delatch mechanism, the faster
actuation of the mechanism. It is efficient to shorten a delay time of transporting
coolant from the core to the mechanism and a time constant of the CPEM. The
CPEM located in the LCGT has an advantage to shortening the transportation
time, and a temperature switch mechanism has an advantage to shortening a
time constant of a detecting part.
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3. FACTORS AFFECTING THE RELIABILITY OF THE CPEM
DELATCH MECHANISM

3.1 IDENTIFICATION OF FAILURE FACTORS

Main causes by which the CPEM delatch mechanism fails to protect the
core are examined and factors concerning unreliability of the CPEM delatch
mechanism are picked up: ..This is said to be a simple failure mode and effect
analysis.

Factors are divided into a failure to delatch due to unsuccessful
demagnetization of the electromagnet and a failure to delatch notwithstanding
demagnetizing the electromagnet.

(1) Failure in demagnetization

This is the case that magnetic force of the CPEM delateh mechanism
does not decrease to satisfy delatch condition during the time interval necessary
to protect the core. This case is divided into two situations.

(a) Lack of temperature rising in temperature sensitive metal
When a event progresses faster than the temperature sensitive

capability of the metal, the delatch mechanism can not follow the event.
Factors concerning to coolant hydrodynamics such as insufficient flow to
temperature sensitive metal, factors concerning to heat transportation

I such as deterioration of thermal conductivity of temperature sensitive
£J metal, uncertainty of core exit temperature distribution due to power
0 1 and flow distributions are considered.
I (b) Increase of sensitive temperature

This mode of failure is caused by the condition t h a t
temperature/magnetic force characteristics of the CPEM is different
from that of the design. Many factors that specify magnetic force are
related. Factors relating to increase of holding force due to change in
shape of magnetic circuit such as decrease of gap due to foreign
substance (accumulation of magnetic substance), decrease of gap due to
swelling, and axially lag of position between a guide tube and a lifting
socket are considered.

Increase of holding force due to property change of materials such as
change in curie point temperature and change in magnetic permeability
is another factors. Installation of the temperature sensitive metals of
high curie point and setting error of electric power supply to an
electromagnet are also considered.

(2) Failure to delatch notwithstanding demagnetizing

This is the case that an absorber does not drop in spite of demagnetizing
of the CPEM.

(a) failure to delatch at the attracting surface.

Adhesion of the armature of magnets and sticking by foreign
substance are considered,
(b) failure to insert an absorber after delatching

Excessive fluid resistance, large deformation of core arrangement
and elongation of inserting time of an absorber are considered.

These factors are summarized in Fig.3. Dominant causes of the failure in
actuating the passive delatch mechanism using the CPEM are insufficient
temperature rise of temperature sensitive metals and the increase of the sensitive
temperature. These causes' relate to delay of actuating a delatch mechanism due
to increase of the temperature difference between normal condition and abnormal
condition.

3.2 FACTORS OF SPURIOUS ACTUATION

There is interrelation between a spurious actuation due to temperature
rise of the electromagnet and a spurious actuation with no temperature rise. For
example, there is such an effect that equivalent sensitive temperature decreases
due to weight of an absorber larger than that designed. It is supposed, however,
that temperature rise of the CPEM is dominant for a spurious actuation. Spurious
actuation with no temperature rise is caused by only some errors. Spurious
actuation in itself is not the event jeopardizing the core.

(1) Spurious actuation due to decrease of holding force of an electromagnet

It is necessary that core exit temperature override sensitive
temperature when the CPEM actuate spuriously due to decrease of holding force.
Factors is divided into two parts; temperature increase of core exit temperature
and decrease of sensitive temperature.

(a) Temperature increase of core exit temperature
Transient change of exit temperature such as an overshoot, and

uncertainty in the distribution of core exit temperature are considered.
(b) Decrease of sensitive temperature

Following factors are considered.
•lack of holding force due to deformation of a magnetic circuit,
•increase of a gap due to foreign substance,
•increase of holding force due to change in physical property of
materials, such as change in a curie point temperature and change
in magnetic permeability,
•installation of wrong metals having a low curie point,
•failure of electric power supply for electromagnets.

(2) Spurious actuation with no decrease of holding force of magnets

Spurious actuation due to loading of excessive weight more than design
is considered. For example downward force is loaded due to abnormal oscillation.
Occurrence of these events should be diminished taking account of appropriate
design and R&D.

3.3 MAGNITUDE OF UNCERTAINTY AND ITS DISTRIBUTION
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Uncertainties of above factors of failure in actuation and of spurious
actuation were studied from the point of view of uncertainty of temperature and
response time. Human error such as installation of wrong temperature sensitive
metals were excluded form investigation. Magnetic field analyses were performed
for obtaining the uncertainties about an electromagnetic circuit.

Probabilistic distributions of uncertainty were assumed to be normal
distribution. Information of the distribution is insufficient where normal
distribution is not considered appropriate. Uncertainty of the factors for failure in
actuation is considered to be depending on transient phenomena of events. For
simplicity, 2 case of events are considered; LOFWoNS and TOPWoNS
respectively.

Uncertainties of the factors for failure in actuation and spurious
actuation are summarized in Table 1 and Table 2 respectively.

4. EFFECT ON THE RESPONSE OF A PASSIVE DELATCH
MECHANISM AND FAILURE PROBABILITY

Time and temperature response of the passive delatch mechanism has
following characteristics. That is, its response is resulted from merging of some
factors, uncertainty distribution and magnitude of the factors are known, and
relations between the factors and phenomena are gained numerically but
calculation of determining responses is complicated. To reduce complicated
calculation, a response surface method is used.

4.1 ANALYSIS OF THE RESPONSE OF A PASSIVE DELATCH
MECHANISM

For a passive delatch mechanism using the CPEM, following events are
calculated for lOOOMWe core using multi-channel plant dynamics code:

LOFWoNS of 5.5s half-time flow decay for the LCGT type and UCS type,
LOFWoNS of 3s half-time flow decay for the LCGT type and UCS type,
TOPWoNS of 3?/s reactivity insertion rate for the LCGT type,
TOPWoNS of 6(Z/s reactivity insertion rate for the LCGT type,
Time dependent temperature distribution of the temperature sensitive

metals are calculated using FEM code. The CPEM is assumed to actuate when
average temperature of the temperature sensitive metals reaches a nominal
sensitive temperature. Then time spans between initiation of the event and
actuation of the CPEM and between initiation of the event and arrival of
temperature at acceptance criteria are derived.

Response of the CPEM is summarized in relation between time margin
and discrepancy of the temperature from nominal sensitive temperature as shown
in Fig. 3.

4.2 DETERMINATION OF THE RESPONSE SURFACE

It is assumed that there is no interrelation among the factors, and it is
also assumed that all the probability distributions are normal distributions.

- 6 -

Under these assumptions, uncertainties are summarized into two factors. One is
indicated in temperature, the other is indicated in delay time as shown in Table 1
and Table 2.

Let xi denote the uncertainty indicated by temperature and X2 denote
the uncertainty indicated by delay time. Regression curve for the time margin y is
set up. In order to obtain failure probability variables xi and x2 are treated in
positive region. In setting second order regression curve for two variables, six
knot point (0,0),(l,0),(2,0),(0,l),(0,2),(l,l) were used. Number of 0,1 and 2 mean
nominal value, 1.5<? value and Za value respectively. Time margins calculated
using Fig.3 are shown in Table 3. .

Following equations are obtained by fitting calculations.
For a passive delatch mechanism in LCGT;
LOFWoNS of 5.5s half-time of flow decay,

y= 5.2-0.04115 xi +0.00002167 xx
2-0.9290 x2-0.2762 X22

-2.168-1019x1x2

LOFWoNS of 3s half-time of flow decay,
y = 2.58 - 0.02963 xi + 0.00004335 xi2 - 0.9290 x2 - 0.2762 x2

2

-1.084-10-19x1X2

TOPWoNS of 30/s reactivity .insertion rate,
y = 1.99 - 0.1773 xi - 0.0003945 xi2 -1.1015 x2 + 0.4588 x2

2

+ 0.003784xix2
TOPWoNS of 6(Z/s reactivity insertion rate,

y = 0.94 - 0.09000 xi + 0.0002427 X!2 - 0.9913 x2 - 0.04587 x2
2

+ 4.527-10"18xix2

For a passive delatch mechanism in UCS;
LOFWoNS of 5.5s half-time of flow decay,

y = 4.06-0.04675 xj + 0.00004336 xi2 -1.0032 x2 -3.712-1019 x2
2

+ 5.963-10-19xix2

LOFWoNS of 3s half-time of flow decay,
y= 1.28-0.03493 xi + 0.00002818 xi2-1.0003 x2

4.3 FAILURE .PROBABILITY OF THE PASSIVE MECHANISM

The probability that acceptable time margin is smaller than that needed
is considered failure probability of the passive mechanism. The time margin
should be at least 1.0 second taking account for the time necessary to insert
absorbers into the core.

(1) Failure probability at LOFWoNS

Probability that delay time is lager than 1 second was calculated with
Monte Carlo method. Results is shown in Table 4. The failure probability of LCGT
and UCS type of 5.5s half time of flow decay are very small. The failure
probability of UCS of 3s half time of flow decay is fairly large because of the small
time margin. Loss of off-site power which is considered as a typical LOF event is
equivalent to 5.5s half-time of flow decay. Failure probability for a typical
LOFWoNS event is expected very small. The case of 3s half-time of flow decay is

- 7 -
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considered as superposition of a pump stick and remaining pump trip event at the
same time. But probability of occurrence of such a event is considered extremely
low.

(2) Failure probability atTOPWoNS

For a passive delatch mechanism in the LCGT, probability that delay
time is lager than 1 second was calculated similarly to LOFWoNS. Results is
shown in Table 5. For the reactivity insertion rate of 6 (Z/s, it is difficult to ensure
time delay of 1.0 second. Probabilities of success and failure are nearly even. For
the reactivity insertion rate of'3 (Z/s, failure probability is fairly large.

In order to expect actuation of the passive mechanism at TOPWoNS, it is
necessary to shorten delay time of coolant transportation, to decrease sensitive
temperature, or to decrease hot channel temperature by power flattening of the
core, for example. It is less easier to protect the core from TOPWoNS than
LOFWoNS.

4.4. PROBABILITY OF SPURIOUS ACTUATION DURING NORMAL
OPERATION

Sensitive temperature of the CPEM is designed under a condition that
there is no spurious actuation within 3o range of uncertainty for the sensitive
temperature and the core exit temperature. Therefore the probability of spurious
actuation of the CPEM is the same as probability of spurious scram by reactor
protection systems.

When 45 °C temperature difference is set between core exit nominal
temperature and nominal sensitive temperature, probability of exceeding Za
value of 30.63 °C is very small and equivalent to one spurious actuation of the
passive mechanism during its lifetime.

Transients of not reaching a scram set point are included in a normal
operation. It is necessary for the CPEM to not exceed sensitive temperature when
it is in higher temperature condition of such a transient. Overshoot of the core
exit temperature in the transient is about 5 °C of 3<r uncertainty, and included in
the above uncertainty of core exit temperature.

5. CONCLUDING REMARKS

For the passive delatch mechanism using the CPEM, the demand
probability of failure to actuate and the probability of spurious actuation during
normal operation are-estimated after identifying factors influencing the passive
mechanism and magnitude of their uncertainty. As a result, as for the failure
probability, the passive mechanism using the CPEM has high reliability for
LOFWoNS, but high reliability is not expected for TOPWoNS. As for spurious
actuation, a design having margin of 3<? uncertainty is considered to be sufficient.

Following points are necessary to be taken account for.
•Passive mechanisms of the CPEM are installed at several control rods.

As the number of the rods necessary to protect the core is less than whole number

of a shutdown subsystem, the failure probability of the whole subsystem is
considered less than that of a single delatch mechanism.

•If an absorber of the control rod could not insert the core, the reactor
power do not decrease to shutdown even if the passive delatch mechanism
actuate. Occurrence of this failure mode must be avoided in the design.

•The assumption is put that there is no interrelation among the
uncertainty factors and the distribution of uncertainties is a normal distribution.
The distribution must be determined based on field observation.

•Simple calculation is conducted for obtaining the response surface. In
the response analysis of the passive mechanism, it is assumed that uncertainty of
core exit temperature and that of sensitive temperature are treated equivalent.
Rationality of this assumption is justified through a large amount of calculations.
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Table 1 Uncertainties for failure in actuation

~ ^ \ T y p e of CPEM

^ ^ ^ E v e n t
Uncertainty ^ ^ \ ^ ^

in temperatureCC)

in time delay(s)

in LCGT

LOF
WoNS

30.377

0.2691

TOP
WoNS

30.377

0.2088

inUCS

LOF
WoNS

30.373

0.6978

TOP
WoNS

30.373

0.3662

Table 2 Uncertainties for spurious actuation

~~^^^Type of CPEM

Uncertainty "—-^^

in temperatureCC)

in LCGT

30.635

inUCS

30.631

Table 3 Knot point values

\TypeofCPEM

Uncertainty \ .

xi(°C)

0

1

2

0

0

1

X2(s)

0

0

0

1

2

1

in LCGT

LOFWoNS

5.5s

5.2

4.58

3.97

5.07

4.93

4.45

3s

2.58

2.14

1.72

2.45

2.31

2.01

inUCS

LOFWoNS

5.5s

4.06

3.36

2.68

3.71

3.36

3.01

3s

1.28

0.756

0.245

0.931

0.582

0.407

in LCGT

TOPWoNS

30/S

1.99

-0.794

-3.76

1.88

1.78

-0.898

6iz/s

0.94

-0.371

-1.57

0.836

0.731

-0.475

- 1 0 -

Table 4 Failure probabilities atLOFWoNS

\ Type of CPEM

\ half time of
\ flow decay

Failure prob.

in LCGT

5.5s

.less than
10-5

3s

less than
10-5

inUCS

5.5s

less than
10-5

3s

0.26

Table 5 Failure probabilities a t LOFWoNS

\ Type of CPEM

\ Reactivity
\ insetion rate

Failure prob.

in LCGT

3e/s

0.3

6(Z/s

0.55

- 1 1 -
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CORE SAFETY OPTIMISATION OF THE EUROPEAN FAST REACTOR EFR

U. Wehmann (1)

H. Sztark (2)

R. Sunderland (3)

III. RESULTS OF THE SODIUM VOID OPTIMISATION STUDY

Safety studies for the first design of EFR with a fissile
height of 140 cm had shown an unacceptable core behaviour during
unprotected transients. Since this was mainly caused by the large
sodium void effect (SVE), an optimisation study 111 was per-
formed with the goal for a significant SVE reduction. The conse-
quences of the necessary core design modifications on the Doppler
effect, the absorber worth and control rod withdrawal effects were
also investigated.

Core design modifications were performed in a broad range:

I. INTRODUCTION

One of the most important parameters in the context of core
safety is the sodium void effect, the reduction of which has been
a major goal for the design of EFR. The First Consistent Design
(FCD) of EFR which had a fissile height of 140 cm was optimised
with respect to overall absorber worth and requirements and mini-
sation of rod withdrawal consequences. This, together with the
high internal breeding gain allowed a two year refuelling inter-
val. The design with a coolant pressure drop of 5 bar and a high
fuel burnup of 20 % maximum resulted in a high sodium void effect
of about 8.5 $. In order to decrease the sodium void effect an
optimisation, retaining the core thermal power output of 3600 MW,
was performed the results of which will be discussed in this pa-
per. The benefit for the overall safety behaviour of the core will
be outlined.

II. CORE DESIGN FEATURES OF EFR

The main core design features are gathered in Table 1,
a cross-section of the core as part of the whole grid-plate ar-
rangement is given in Figure 1. These design data are relevant
for the 1991 design (called Consistent Design September '91 or
CD 9/91) , and are the results of the optimisation study which
will be described in the next paragraph.

(1) Siemens AG, Bergisch Gladbach 1, FRG

(2) FRAMATOME, Lyon, France

(3) NNC, Knutsford, Great Britain

Fissile height : 80 cm to 140 cm

Fuel pin diameter : 7.25 mm to 9.45 mm

Coolant pressure drop : 5 bar and 7 bar

Number of S/As : 346 to 504

Number of pins per S/A: 271 to 397

The results of this survey are shown in Fig. 2 for the SVE
and in Fig. 3 for the four relevant core parameters. At constant
core pressure drop a reduction in core height is accompanied by
a reduction in fuel pin pitch and therefore in sodium volume
fraction. This together with the enhanced axial neutron leakage
causes the SVE reduction. The variations of paramters other than
core height have only small effects on the SVE.

Figure 3 also shows the consequences of the core height re-
duction on the other parameters:

The Doppler constant is reduced mainly due to the higher fuel
enrichments.

- The ratio of shutdown- requirements to shutdown worth is incre-
asing since the requirements are going up, due to the larger
burnup reactivity loss, and the worths are going down.

- The power tilt for a single rod withdrawal is strongly going up.
This is caused by, the lower internal breeding gain of the flat-
ter cores with smaller fuel pins which requires a greater ab-
sorber rod insertion at start-of-cycle.

In addition to the core height variation with constant core
diameter it was also checked whether a diameter increase could
compensate part of the loss in total power when core height is
reduced. It became, however, clear that a core diameter increase
has drawbacks on the absorber worth and the control rod withdrawal
consequences so that a constant core diameter is recommended, e. g.
the core height reduction is mainly compensated by the larger num-
ber of pins per S/A with smaller diameter.
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The general conclusion of this study resulted in a core with
100 cm core height and 331 fuel pins per S/A. Core heights smaller
than 1 m were not recommended in order to limit the negative conse-
quences for the Doppler effect, the absorber worth and the single
control rod withdrawal effects. The new design has a SVE of about
5.5 $ which is 35 % below the value of the 1.4 m core.

Complementary to the core height variation some other core
modifications have been and are still being investigated with re-
spect to their potential to reduce the SVE. The effects which have
been studied together with their influence on the SVE in terms of
relative changes are the following:

Cutting of the axial blankets: - 5 %

Cutting of the radial blanket: + 0

Replacement of up to 19 inner core fuel S/As by diluents: - 15 %
if the loss of power of about 5 % is not compensated and - 5 %
in case of compensation.

Reduction of inner core importance by increasing the outer core
enrichment: - 5 %.

Since all these measures have only the potential for a small
SVE reduction in combination with negative consequences for the
core design they were not recommended for the EFR.

III. INFLUENCE OF CORE SIZE ON THE SODIUM VOID EFFECT

In parallel to the EFR design related optimisation a more
general R and D type study has been performed / 3 / to see the
influence of the core size on the SVE and other core parameters.
The results for the SVE and the Doppler constant are shown in
Figures 4 and 5. They are showing that small SVE can be achieved
if core diameter and core height are reduced. This does, however,
require small power units compared with the EFR level of 3600 MW

V. CONCLUSIONS

The EFR core optimisation study has shown that core height re-
duction is an effective instrument to reduce the sodium void effect.
To keep the total power constant for constant maximum linear rating
requires, however, compensating measures. In this case the number
of fuel pins per S/A was increased from 271 to 331 together with
a slight decrease of the fuel pin diameter from 8.65 mm to 8.2 mm
in order to keep the core diameter almost constant.

It was demonstrated that the sodium void effect reduction of
35 % is important for an overall safety improvement of the core
during untripped accidents.
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IV. CONTRIBUTION OF THE SODIUM VOID EFFECT REDUCTION TO A BENIGN
CORE BEHAVIOUR DURING ACCIDENTS

In the EFR safety approach the SVE reduction is one of several
measures to improve the core behaviour in accidental conditions. The
role of the SVE has been studied for an unproteced loss-of-flow
(ULOF) and an unproteced loss-of-heat-sink (ULOHS) starting with a
failure of heat removal in all steam generators / 2 /. Figure 6 shows
the effect of a successive improvement of the transients by taking
into account of more and more mitigating measures. It can be seen
that each of these mitigating effects alone would not be sufficient-
ly strong to exclude sodium boiling at ULOF and to increase signifi-
cantly the grace time before temperature criteria of pump seizure,
(e.g. at 700 - 750 °C) are reached at ULOHS. But it is obvious that
a reduced SVE can give an important contribution to the third shut-
down level which shall avoid or delay intolerable plant conditions.
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1.0 BACKGROUND

It may be recalled that PFBR cores have been designed with

emphasis on attaining good growth potential consistent with near

minium fuel cycle costs. As many of the inputs needed for

correct optimisation are not available with the required degree

of precision, it is possible that there is some scope for

modifications of the present design after obtaining the requisite

experience from construction and operation of PFBR. But it is

perhaps adequate at this time to know that no special efforts

have been made to modify the various components of the power

coefficient of reactivity liJce Doppler coefficient. Sodium void

coefficient etc,. Consequently the sodium void coefficient for

the fully voided core is 1288, 1144 and 2263 pern for oxide;

carbide and metal alloy core respectively. Similarly the

internal conversion ratio obtained is less than 1.0; 0.566;

0.735; 0.771; for oxide, carbide and metal core respectively.

Consequently there is a reactivity swing associated with fuel

burn up requiring increased worth of control rods. This is

accommodated by choosing appropriately lower speeds of movement

to limit the rates of variation of reactivity. The reactivity

coefficients as they have emerged have been accepted as the

basis for further detailed analysis to see whether safety goals

can be met.

2.0 REACTOR PHYSICS CHARACTERISTICS

To serve as a basis for further discussions main features of

PFBR and reactor physics characteristics of PFBR cores with

different fuel options are given in Table 1.0 to Table 3.0. It

can be seen that magnitude of Sodium void coefficient is higher

and Doppler contribution is smaller for the metal core as

compared to the mixed oxide core.

3.0 STABILITY AND OPERABILITY

Stability of PFBR cores has been analysed by applying

Nyquist criterion by Dr. 0m Pal Singh of fleactor Group, IGCAR.

Dr. 0m Pal Singh's studies lead us to the conclusion that all the

three cores are stable over the entire frequency range from - CxJ

to + (X) inspite of the fact that individual components - both

positive and negative - differ significantly for the three fuel

options and have different time constants. Results for the mixed

oxide fuel are given in Fig. 1 and 2. Similar results have been

obtained even for the metal core,

4.0 SODIUM VOID COEFFICIENTS S SAFETY OF PFBR

The significance of sodium void coefficient has been

analysed in detail in a paper presented at the Kyoto Conference

held last week. It has been shown that larger sodium void

coefficient and the smaller Doppler coefficient of the metal

alloy fuel do not materially affect the safety of the reactor

even in the case of loss of flow accident. If credit is to be

taken for effectiveness of the reactor protection system, then

for each fuel, atleast three different signals are available for



initiating the safety action and the reactor power will be

lowered without exceeding any safety limit on fuel, clad or

coolant temperature.

Coming to the case of failure of the reactor protection

system; boiling away of-sodium due to flow starvation will lead

to a reactor accident involving reactivity additon due to the

positive sodium void effect, followed by the melting of the fuel

sub-assemblies and fuel relocation giving rise to much higher

rates of reactivity addition. In the case of a mixed oxide or

mixed carbide fuel, fuel slumping can also lead to fuel coolant

interaction with more violent ejection of residual sodium present

in the core and will contribute to the third step of the

reactivity addition leading to the core dis-assembly. In the

case of a metal alloy fuel, the fuel coolant thermal interaction

will be benign and therefore the positive reactivity will arise

only from boiling away of sodium and fuel slumping. As has been

shown in the detailed analysis, the total energy released in the

dis-assembly accident will be comparable and does not appear to

be influenced significantly by the magnitude of the sodium void

coefficient or the magnitude of the Doppler coefficient. The

Equation of State for each fuel material also becomes an

Important parameter. But the cumulative effect of these

parameters finally lead to the conclusion that sodium void

coefficient is after all not at all dangerous as it may appear to

be at the first glance. This result arises from the fact that the

sodium void effect attains its full value only when sodium boils

and transforms from liguid to vapour. Upto the boiling point the

positive contribution of the sodium void effect is more than

compensated by the negative Doppler contribution even for the

metal alloy fuel although a metal alloy core has a lower Doppler

a and higher sodium void coefficient.

5.0 INHERENT CAPABILITY TO SHUT DOWN WITHOUT CONTROL ROD

MOVEMENT

Individual reactivity coefficient for the different fuel

options can also be examined in the context of inherent safety

characteristics defined by the ability of the reactor to shut

itself down in the event of severe accident conditions like total

power failure or less severe circumstances like loss of heat sink

without assistance of the reactivity control mechanisms. from

the first principles it can be established that in each case the

reactor will shut- itself when the system is allowed to get

sufficiently heated. The inlet temperature rise needed to attain

the shut-down without control rod action is given by the

expression:-

AT, =
KT

and the required temperature rise for each fuel is given as

Temperature rise

Metal alloy fuel

Mixed Carbide Fuel

Mixed oxide

Without
GEMS

124 deg.

380 deg.

492 deg.

C

C

C

With
GEMS

-59 deg.

226 deg.

296 deg.

C

C

c
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The required temperature rise can be reduced with the help

of 'GEM' sub-assemblies which can contribute over 500 pern of

negative reactivity. Temperature rise required in the presence

of GEM subassemblies worth 275 pem will be obviously lower

compared to the case of "NO GEMS". The crucial question is

whether the temperatures attained would be acceptable. The

temperature of the sodium therefore assumes special significance.

Once it crosses the boiling point, the sodium void effect will

control the outcome and it will be impossible to achieve a safe

shut down without a rapidly acting effective shut down mechanism.

The temperature of sodium depends upon the power to flow ratio

during the course of the transient. Provision of adequate stored

kinetic energy in the drive system of t.':e primary sodium pumps

can reduce the rate of reduction of speed and thereby provide

adequate flow through the entire duration of the transient. It

can be seen from Table 4.0 that with a given flow coast down

rate, the metal alloy fuel has the largest margin of safety and

the mixed oxide fuel has the lowest margin of safety. The mixed

carbide/nitride lies in between and closer to the metal alloy.

Indeed as the mixed carbide/nitride would not have the risk of

reaching the melting point or react with cladding, it may be

preferred on this account. But one must also note the fact that

the temperature of sodium is the most significant factor and

therefore from overall considerations metal alloy may be

preferred to the ceramic fuels.

Provision of GEMS subassemblies at the core blanket

interface can contribute substantially negative reactivity in

the first few seconds of the incident. Therefore drop in the

reactor power with GEM subassemblies is obviously higher and

consequentlty the power to flow ratio with GEM subassemblies

with a given pump coast down law becomes more and more favourable

and increases the margin of safety, i.e. the differece between

the boiling point of sodium and the maximum sodium temperature is

increased. It is hoped that GEM subassemblies can be proved to

be dependable and PFBR design provides for the use of GEM

subassemblies so that the size of the flywheels fitted with the

primary sodium pumps can be reduced to acceptable proportions.

Doubts of effectiveness of GEM subassemblies arise from the

fear that the argon gas trapped within each subassembly may be

gradually transferred from within the subassemblies to the cover

gas by process of dissolution and diffusion through sodium.

Theoretical estimates have been made for the time needed for

transfer of a significant fraction of the trapped gas through

sodium to the cover gas in the main vessel. It appears that time

needed for transfer of argon gas by diffusion is rather long and

the duration over which GEM subassemblies can be effective will

be determined by the quantity of gas lost along with displaced

sodium during each pump trip. The GEM sub-assemblies can be

recharged in a systematic manner by recharging a certain fraction

of GEM sub-assemblies during each refuelling campaign. This has

however to be confirmed by experimentation.
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6.0 ACCIDENTAL MELTING OF FUEL PINS AND CURE CATCHER

Overheating and melting of fuel from power to flow mismatch

is a possibility to be taken care of. Power may increase due to

a reactivity transient or flow may decrease .due to an internal or

external blockage. In either case; if overheating takes place,

it can lead to fuel melting; and associated reactivity changes.

The reactor needs' to be protected by suitable engineered safety

provisions. Protection from over power transients is provided by

limiting the rate of reactivity addition such that the reactor

protection system gets adequate opportunity to Initiate a safety

action in the form of lowering of control rods and in the limit

by scramming the reactor. Safety actions are triggered by the

reactor protection logic described in detail In another

presentation at this meeting. The same protection logic and

reactor protection system is expected to protect the reactor . in

the event of fuel melting and associated reactivity transient.

Dr.O.P.Singh of Reactor Group, IGCAR has done a detailed study of

the transient arising from fuel pin melting. In view of the

importance of the subject and to promote an indepth discussion,

an Internal note prepared by him is attached herewith as an

Annexure-1.

Table 1

Important Design Parameters of PFBR Oxide, Carbide and
Metallic Core

Parameter

1. Core power (Mil)

2. Reactor power (MW)

3. Pin dia fern)

4. No. of pins/svbassembly

5. Max. linear power (W/cm)

6. Reactor Inlet Temp. CO

7. Av. A T across the subassembly
CO

8. No. of subassembly in the core

9. Volume fractions (%) (core)
Fuel/Sodium/SS

(blanket)

10. Peak fuel temp. (°C)

11. Fuel average temp. (°C)

12. Clad average temp. CO

Oxide Carbide Metallic

1153 1153 1153

1200 1200 1200

0.650 0.883 0.650

217 127 217

450 750 450

380 380 380

164 164 164

180 180

31.96/ 35.93/
43.10/ 40.60/
24.20 23.47

52.3/ 52.3/
28.2/ 28.2/
19.5 19.5

2348 1490

1289 1007

511 518

180

33.8/
41.4/
24.8

55.0
25.0
20.0

764

590

502

It can be seeri that as much as seven fuel sub-assemblies,

melting simultaneously can be taken care of by the reactor

protection system and indeed the task of reactor protection

system can be made very much easier by earlier detection of

failed fuel pins before the incident can grow to these

dimensions.
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Table 2

Thermophysical Data for the Oxide, Carbide and Metallic Fuel

Parameter

1. Fuel density (T.D.)
(g/cn?)

2. Pellet density (g/cm )

3. Smeared density (g/cm%)

4. Linear expansion coeff.
Cc'1 )

5. Thermal conductivity
(Wcm/"C)

6. Specific heat (J/g/°C)

7. Melting Point (°C)
(K)

Oxide

11.08

9.97

9.42
-6

11.2x10

0.02

0.325
(0.500)*

2750
(3023)

Carbide

13.60

12.24

10.88
-6

11.2x10

0.15

0.250

2370
(2643)

Metallic

15.80

14.22

11.85
- 6

20.0x10

0.18

0.200

1160
(1433)

8. Gap conductance
*/°)

9. Film Coeff. Wcm*/"C)

0.65

10.1*

0.65

10.4

10.

11.

12.

Boiling point •

Latent heat of
(J/g)

Latent heat of
vaporisation

(°C)
(K)

fusion

(J/g)

3387
(3660)

270

2000

3900
(4173)

136

1759

*at high temperatures

27.02

10.4

3932
(4205)

48

1641

Table 3

Static Temperature (KT ) pcm/°C) and Power (Kp pcm/MWt)

Coefficients of Reactivity

T
T

1.

2.

3.

4.

5.

Parameter

dK/dT (pern)
dK/dT (pem)

Doppler

Fuel Axial Core
Expansion

Stainless steel
Axial Expansion

Sodium
Expansion

Grid plate
Expansion

Pad
Effect

Total

wet
dry

KT
KP

KT
KP

KT
KP

KT
KP

KT
KP

KT
KP
***

Oxide

-635
-435

- 0.293*
- 0.348
(- 0.242)

- 0.320
- 0.198

+ 0.077
+ 0.008

+ 0.316
+ 0.026

- 1.180
- 0.063

- 1.400
-0.575

(- 0.469)

Carbide

-724
-480

- 0.89U
- 0.363

(- 0.268)

- 0.279
- 0.154

+ 0.074
+ 0.009

+ 0.326
+ 0.026

- 1.110
- 0.085

- 1.790
- 0.567

(- 0.472)

Metallic

-456
-260

- 0.593S
- 0.095

- 0.431
- 0.079

+ 0.086
+ 0.009

+ 0.645
+ 0.049

- 1.210
- 0.039

- 1.503
- 0.155

* 1500 K to 3000 K temperature range.
** Average over 0 to full power range
tt 728 K to 1200 K
@ 653 K to 863 K
*** values in brackets are near nominal operating power for oxide

and carbide cores

Note : In the above table, control rod expansion effect is not
included which is approximately 0.8 pem/ C or 0.12
pxm/MW,

10



Table IV

Variation of Reactor Power and Fuel (Tf) Coolant Temp. (Tc) with
Time for LOFA with T, = 12.5 s and GEM

Time

0

25

50

75

160

125

150

P
(*)

100

38

20

15

12

10

8

Oxide

Tf
deg.C

1650

1000

800

750

700

675

625

Tc
deg.C

550

585

590

612

622

630

628

Carbide

P

100

32

18

12

10

8

6

Tf
deg.C

1300

825

700

675

650

625

600

Tc
deg.C

550

570

585

597

600

597

590

Metal

P
(%)

100

16

8

3

2

1

-

Tf
deg.C

750

525

450

450

450

475

-

Tc
deg.C

550

490

490

490

497

498

-
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Annexute 1

EVALUATION OF MAXIMUM NUMBER OF PERMISSIBLE FUEL PINS MELTING IN

PFBR - OXIDE, CARBIDE AND METAL CORES

Om Pal Singh, R.Harlsh and G.Vaidyanathan
Indira Gandhi Centre for atomic Research

Department of Atomic Energy
Kalpakkam 603102, India

I. Introduction

Local flow blockage in a fuel subassembly may result in

local fuel pin melting due to fuel coolant dry out. The movement

of the molten fuel may give rise to positive or negative

reactivity ramps depending on the location of its melting. Fuel

molten in the upper part of the core when moves towards core

centre, leads to positive reactivity addition. Fuel molten in

the central part of the core when moves towards the bottom of the

core, would give rise to negative reactivity. It is of interest

to know that if a portion of the fuel melts in the upper part of.

the core and slumps toward the core centre and bottom what would

be the maximum reactivity addition rate and what is the maximum

number of fuel pins melting that are tolerable in terms of its

effect on reactor power transient in PFBR with oxide, carbide and

metallic fuel.

II. Calculations and Results

Table 1 provides the worth of 10 cm portion of the

fuel, clad and coolant along the core height in central

subassembly of PFBR for the three fuels. From this, we find that

the worth of one fuel pin in oxide, carbide and metallic cores

are 1.32 2.23 and 1.52 pern respectively. Carbide pin worth is

more because at its larger diameter. Table 2 gives velocity

and time taken for the molten fuel to cross successive segment of

10 cm in its downward motion due to gravity. Any friction that

the molten fuel may experience, is neglected. The table 2 also

provides the worth of the 10 cm section of fuel pin in the

central channel along the core- length for the three fuels. Based

on this, we calculated the reactivity gain and reactivity

addition rates that may result when the top 10 cm, 20 cm, 30 cm,

40 cm and 50 cm segment of a fuel pin melts and slumps under

gravity towards the bottom of the core. It is observed that

maximum reactivity addition rates result when top 30 cm of the

fuel pin melts and slumps. The results are given in table 3 for

the three cases. It is assumed for simplicity that the

reactivity addition rate in each of the segments is linear.

Typical time variation of net reactivity and rates of reactivity

addition for the top 10 cm fuel pin melting and slumping are

shown in Fig.l. .

The time behaviour of reactor power and core material

temperatures for reactivity addition rates indicated in tables 3

have been studied by the code CRT. For conservative

calculations, the positive values of the gain in reactivity are

taken 20% higher. The results in terms of reactor power and peak

fuel, clad and coolant temperatures as a function of time for

different reactivity addition rates for PFBR fueled with the

oxide, carbide and metal fuels respectively are given in table 4.

For determining the maximum number of fuel pins tolerable for

melting, we apply the criteria that during the resulting
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reactivity initiated power transients, the net reactivity in the

system remains less than one dollar, fuel temperature do not

cross i t s melting point, the clad temperature remains less' than

700 C and the coolant temperature is less than its boiling point

(900 C). The respective melting temperatures for the three fuels

i .e . oxide, carbide and metal fuels are 2750 C, 2385 C and 1160 C

respectively. From table 4 and the above criteria, we draw the

following conclusions.

For the oxide core, the permissible number of fuel pins

melting is 1300. Since there are 217 pins in the oxide fuel

subassembly, this number corresponds to 6 subassemblies. I t

means the melting of 83% of the pins in the first ring containing

6 subassemblies would not lead to a dangerously severe power

excursion. In the case of carbide ore, the permissible number of

fuel pin melting is 1100. The number of pins per subassembly

being 127 this corresponds to eight subassemblies, i.e. melting

just beyond the first ring of subassemblies. In the case of

metal core, the permissible number of fuel pins melting is 1520.

The number of pins per subassembly being 217, this correspond to

the seven assemblies i .e. melting upto first ring of

subassemblies.

The above study has been conducted by calculating the

reactivity changes resulting from fuel melting and slumping

by perturbation theory methods. A more exact calculations of

reactivity changes is planned to check the validity of the above

consequences.

A relative comparison of the basic data of the three

fuel is given in table 5.

III . On the Need of Core Catchers in PFBR Oxide, carbide and

Metal Cores

From the above study, i t is clear that the reactivity

intiated power excursion, resulting from melting of central plus

first ring of subassemblies, would not lead to severe

consequences. As a next step, we checked whether the molten

fuel, when slumped to lower blanket and grid plate regions, would

freeze or may flow further down to the lower region of the

vessel. And hence whether there is a need to provide under the

core a special engineering device, commonly known as core

catcher, to prevent the molten fuel from attacking these parts.

For this, we made preliminary calculations of the expected heat

generation rates in the molten fuel slumped to different

locations in the core and the possible heat removal rates.

Fission reaction rate variation for one cubic

centimeter of fuel along the Z-axis at the centre of the reactor

were calculated taking into account the spatial and spectral

effects of the neutron flux and suitable fission cross section.

The results are given in table 6 with normalised value as unity

at the core centre. I t can be seen that fission reaction rates

reduce by a factor of two at the core bottom and by more than two

orders of magnitude at the grid plate bottom. The values given

in the table 6 are for oxide fuel and are expected to be of the

same order (within plus minus a few percent) for carbide and

metal fuels. With the fission rate variation of table 6, the heat

generation rate from one cubic centimeter of fuel, were

calculated at various locations along the centrel Z - axis of the

reactor. The results are given in table 7.



As regards heat removal rates, it would depend on the

fuel lump size and the heat transfer coefficient between fuel and

the coolant. We assumed heat transfer to the sodium coolant by

convection with the heat transfer coefficient, h (k cal/m h°C),

given by

and heat removal rates of table 8, we find that the fuel would

freeze before It slumps to grid plate region. Therefore, there

appears no need of providing core catchers in PFBR with either

oxide, carbide or metal fuel cores.

where q = heat flux in k cal/ra h. The relation is valid in the

temperature range from 200 C to 600 C. If fuel temperature is

rTh and sodium temperature is lfiA and heat transfer area is

A, then in lumped model approximation of heat transfer, we can

write

Co

I = A

The calculations were carried out for oxide, carbide and metal

fuels with respective *T? as 2750 t, 23'j6"> C and 1160 "c, the

melting points of the fuels and ~J7, as 500 C and taking fuel

lump of spherical shape with different radius. The results are

given in table 8. Calculations were done by assuming fuel vapor

blanketing also. These results are also given in table 8. Fuel

vapor blanketing effect was simulated in the calculations using

reduced thermal conductivity of sodium (K |yft (liquid) = 70 W/mK,

K N < X (vapor) = 0.065 W/mK).

Comparing the heat generation rates given in table 7
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Worth

Table 1

Axial

Zone

Fraction

1

2

3

4

5

6

7

8

9

10

Sum

NSA

Np

No. of
pins

Fuel/SS/Na Worths (pern)

(pin

Fuel

.328

- 20.9

- 28.4

- 36.5

- 42.9

- 46.2

- 45.6

- 41.3

- 34.1

- 25.8

- 18.2

- 339.S

1.19

217

Oxide

dla .65 cm)

SS

.253

- 0.5

+ 3.4

+ 7.5

+ 10.8

• 12.5

+ 12.2

* 10.0

* 6.4

+ 2.3

- 1.1

i • 63.5

258.23

Sod.

.419

- 0.5

*-1.2

• 3.0

* 4.5

+ 5.2

+ 5.1

+ 4.1

+ 2.5

+• 0.7

- 0.7

•* 25.1

In Central Channel tJf PFBR-

Carbide
(pin dia .883 cm}

Fuel

.355

- 20.1

- 27.8

- 36.1

- 42.7

- 46.2

- 45.7

- 41.3

- 34.10

- 25.6

- 17.3

- 337.5

1.19

127

151.13

SS

.252

- 0.6

+ 3.5

+ 7.8

+ 11.2

* 13.0

* 12.7

* 10.5

* 6.9

+ 2.7

- 1.0

* 66.7

Sod.

.393

- 0.3

* 1.4

+ 3.3

* 4.8

• 5.6

+ 5.4

• 4.5

+ 2.9

+ 1.0

- 0.5.

+ 28.1

for Different Fuels

Metal
(pin dla .650 cm)

Fuel

.338

- 23.4

- 32.5

- 1,2.0

- 49.6

- 53.6

- 53.0

- 48.1

- 39.9

- 30.1

-21.1

393.3

1.19

217

258.23

.248

- 0.2

* 4.5

• 9.4

• 13.3

+ 15.4

* 15.1

+ 12.6

• 8.4

+ 3.6

- 0.8

+ 81.3

Sod.

414

• 0.2

* 2.4

* 4.8

• 6.8

+ 7.8

+ 7.7

• 6.4

+ 4.3

+ 1.9

- 0.1

* 42.2

352 371 382

«r pin - 1.316 * 0.246 + 0.097 - 2.233 * 0.441 + 0.186 - 1.523 • 0.315 *0.163-

NSA = No. of subassemblles in the ring
Np ~ No. of fuel pins in the subassembly
g = delayed neutron fraction.

Table 2

Fuel Pin Reactivity Worth per 10 cm Segment and Time Taken for

Fuel Free Fall in Successive 10_ctn Segement Along the Core Length

Distance v t Worth per segment of pin (pem)
from top (cm/s) (ms)

Oxide Carbide Metal

10 140 143 .081 .133 .091

20 198 59 .110 .181* .126

30 243- 45 .141 .239 .163

40 280 38 .166 .282 .192

50 313 34 .179 .306 .207

60 343 30.6 .176 .302 .205

70 370 27.5 .160 .273 .186

80 396 26.5 .132 .225 .154

SO 420 24.5 .100 .169 .116

100 443 23.5 .071 .118 .082

Total 451.6 1.316 2.233_ 1.523

Note 1: Worths are with positive sign for addition of material and
negative sign for removal of material.
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Table 3

Reactivity Gain (pcm) and Reactivity Addition Rates (pcm/s) for Top 30

Fuel Pin Melting and Slumping for Every 1£ cm

Distance Fall Oxide Carbide Metal
from top Time

(ms) gain ramp gain ramp gain ramp
(pcm) (pcm/s) (pcm) (pcm/s) (pcm) (pcm/s)

10 MOLTEN

20 MOLTEN

30 MOLTEN

40 143 0.085 0.594 0.149 1.042 0.101 0.706

50 59 0.069 1.169 0.122 2.068 0.081 1.373

60 45 0.035 0.778 0.063 1.400 0.042 0.933

70 38 -0.006 -0.158 -0.009 -0.237 -0.006 -0.158

80 34 -0.047 -1.382 -0.081 -2.382 -0.053 -1.559

90 30.6 -0.076 -2.484 -0.133 -4.35 -0.089 -2.908

100 27.5 -0.089 -3.236 -0.155 -5.636 -0.104 -3.782

Total positive
gain in 0.189 0.334 0.224
reactivity

Table 4a

Results of Reactivity Transients Initiated by Fuel Pin Melting

and Slumping (Oxide Core)

No of pins melted = 1300

Time
(ms)

0

147.

207.

237.

312.

372.

462.

522.

717.

0

147.

222.

267.

282.

312.

31,2.

402.

1*77,

612

5

5

5

5

5

5

5

5

5

5

5

.5

,5

.5

.5

.5

.5

Slump
Reactivity

($)

0

0.4123

0.7220

0.8284

0.6950

0.0906

0.0341

0.0341

0.0341

0

0.4808

0.9051

0.9923

0.9818

0.7959

0.5120

0.0386

0.0386

0.0386

Net
reactivity

• ( $ )

0

0.3942

0.6718

0.7460

0.5369

- 0.0675

- 0.1038

- 0.0948

- 0.0804

No. of

0

0.4596

0.8102

0.7965

0.7629

0.5686

0.2675

- 0.1854

- 0.1624

- 0.1396

Power
(MW)

1107-

1859

3547

4735

2841

1237

1176

1175

1163

pins 1520

1107

2092

6395

6723

5900

3335

1973

1200

1202

1193

Tfc

(°C)

2410

2436

2487

2538

2675

2701

2702

2702

2697

2410

2442

2559

2729

2774

2831

2856

2863

2862

2859

Tsl

(°C)

60S

606

609

611

624

635

645

650

657

605

607

612

622

627

637

646

659

671

684

T c

CO

562

562

562

563

567

575

586

593

604

562

562

562

565

566

567

576

589

603

621

10
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Table 4b

Results of Reactivity Transients Initiated by Fuel Pin Melting

and Slumping (Carbide Core)

No of pins melted = 1100

Time
(ms)

0

102.5

240.5

305.0

365.0

710.0

905.0

1025

Slump
Reactivity

($)

-

0.3795

1.1547

1.0193

0.2693

0.0673

0.0673

0.0673

Net
reactivity

($)

-

0.3600

0.8442

0.5377

- 0.2163

- 0.2829

- 0.2366

- 0.2119

Power

(m)

1107

1751

85 IB

3181

1205

1038

1042

1046

Tfc

CO

1442

1456

1678

1827

1849

1786

1746

1723

(V

611

611

624

643

661

687

684

680

CO

537

537

538

544

552

588

589

586

0

102.5

198.5

251.0

357.5

552.5

852.5

-

0.5175

1.2782

1.6147

0.5492

0.0917

0,0917

1393.0 0.0917

No. of pins melted 1500

1107 1442 611 537

0.4871 2198 1464 611 537

0.9166 16293 1714 622 538

0.8492 11586 2055 649 542

- 0.3450 1330 2223 712 568

- 0.6354 995 2162 756 620

- 0.4917 988 2047 755 639

0.3113 1014 1860 714 616

Table 4c

Results of Reactivity Transients Initiated by Fuel Pin Melting

and Slumping (Metal Core)

No of pins melted = 1300

Time
(ms)

0

147.5

222.5

314.0

374.0

494.0

1034.0

Slump
Reactivity

($)

0

0.5108

0.9588

0.8643

0.1129

0.0664

0.0664

Net
reactivity

($)

0

0.4717

0. 7903

0.5151

- 0.2234

- 0.2369

- 0.1047

Power
(MW)

1107

2147

5B43

2908

1149

1100

1136

CO

745

778

897

1092

1075

1000

847

(*)

574

583

620

695

696

690

646

7v
538

540

550

595

622

638

601

No. of pins 2000

0

147.5

199.0

214.0

229.0

236.5

251.5

319.5

439.S

664.5

934.5

0

0.6724

1.1161

1.2121

1.2999

1.3439

1.4017

1.0892

0.0876

0.0867

0.0876

0

0.6105

0.8848

0.8831

0.8817

0.8817

0.8546

0.4560

- 0.4856

- 0.3917

- 0.2658

1107

2946 •

10799

11488

11986

12316

10888

3115

1007

1085

1107

745

798

949

1043

1136

1184

1279

1413

1279

1085

961

574

•588

635

670

705

723

759

818

80X

771

725

538

.541

551

558

567

573

587

66B

723

712

671

11 12



Basic

Parameter

A CO

Data f o r the

0

0.

Table

Three Fuel

42E-6

5

Used in the

C

0.36E-6

Calculations

H

0.36E-6

j . (pern)

(3 (pern)

8.07, 75.45, 8.12, 77.54, 8.4, 79.7, 70.8

64.74, 123.62, 66.86, 135.7, 139.5, 64.5,

54.65, 15.74 62.68, 18.58 19.1

342.28 371.47 382

1
S3
to
1

Thermal
conductivity
w/cm/°C

Specific
beat
(Joules/g/1

Smear density
(TD) (g/cc)

Melting
point (t)

0.025

0.325

9.4
(11.1)

2750

0.15

0.25

10.9
(13.6)

2385

0.18

0.20

11.9
(15.8)

1160

Table 6

Fission Reaction Rates Variation from

Core

Core

Centre

Bottom

Blanket Bottom

Grid

Grid

Plate Top

Plate*

=

S

=

=

Plate Bottom =

Core

1.

0.

0.

0.

0.

Centre upto the Grid

0000

5308

1403

0115

0034

* Data were provided by Mr. P.V.K.ttenon

Table 7

Heat Generation (W) at Various Locations in the Reactor from

1̂  era3 of the Fuel

Fuel Core Centre Core Bottom Blanket Bottom Grid Plate Top

Oxide 593 315 83 6.8

Carbide 626 332 88 7.2

Metal 604 321 85 7.0
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Heat Removal Bates

Fuel

Oxide

Carbide

Metal

Fuel
. Particle
radius

0.1

1.0

2.0

5.0

0.1

1.0

2.0

5.0

0.1

1.0

2 . 0

5.0

Table

by Convection

Fuel

Q.Heat
Removed

from the Particle
(W)

14.48

1448.0

5792.0

36200.0

11.07

1107

4428

27675

2.29

229.5

917.8

5736.2

8

from Different

Q,
Heat Removed

(Wkm3)

6
3.1,5 x 10

5
3.45 x 10

5
1.72 x 10

4
6.88 x 10

6
2.64 x 10

5
2,64 x 10

5
1.32 x 10

4
5.28 x 10

6
0.55 x 10

5
0.55 x 10

5
0.28 X 10

4
1.12 x 10

Sizes of the

0 (U/cm3)
fuel
vapour
blanketed)

3450

345

172

68.0

2640

264

132

52.8

550

55

28

11.2

0-12

0.
0-08

0.04

0-0

-0-04

-o-os

-0-08

600

20

10

oo

-vo

Fig 1 TYPICAL VARIATION OF REACTIVITY ( / )
AND REACTIVITY RAMP(l) lN FUEL PIN
MELTING AND SLUMPING.
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A S T U D Y O F P A S S I V E S A F E T Y C O N D I T I O N S

F O R F A S T R E A C T O R C O R E

(2) to develope a simple s a f e ty ph i losophy , t h a t can be s t a t e d as

the s a f e t y of the r e c a t o r is assured by i n h e r e n t c h a r a c t e r i s t i c s

of the core , which never f a i l s to a c t . "

I
i—•

CD

I

Akinao Shimizu

Research Laboratory To Nuclear Reactors

Tokyo Institute of Technology

J N T It O D U C T I O N

A study has been made for passive safely conditions of fast reactor

cores. Objective of the study is to develope a concept of a core with

passive safety as well as a simple safety philosophy. A simple safety

philosophy, which is more easy to explain to the public, is needed to

enhance the public acceptance for nuclear reactors.

The present paper describes a conceptual plan of the study including

the definition of the problem ,a method of approach and identification

of tasks to be solved.

M E T H O D O F A P P R O A C H

Objecive of Study

The objectives of the study are

(1) to develope a fast reactor core , which is safe against ATWS

(anticipated transient without scram),

Method of Approach

We apply a synthetical method, which is suitable to clarify the

overall trends and the macroscopic characteristics of passive safety.

The synthetic approach is lade as follows (Fig. 1 ):

(1) Select a small number of parameters as representatives of the

passive safety characteristis of core systems,

(2) Define conditions for passive safety quantitatively in terms of the

representative parameters ,

(3) Search for cores to meet the conditions.

C O N D I T I O N S F O R P A S S I V E S A F E T Y

The conditions required for passive safety should be defined

quantitatively in terms of key parameters.

This work consists of the following tasks :

(1) Define passive safety,

(2) Define safety limits quantitatively,

(3) Define conditions for passive safety in terms of key parameters.

The tasks are described with an example of solutions in Table 1 and 2.

The examples in the table are not our final solution, but are described

as a help to understand the tasks.

- 1 -



Definit ion of Pasive Safety

" Pasive safety" must be defined.

Example of def in i t ion is :

" t r ans ien t s t a t e is less than a l imi t without scram."

Definit ion of Limits

Limits must be defined quan t i t a t i ve ly . They include a l imi t for the

maximum s l a t e , a l imi t for the asymptotic s t a t e and an allowable

duration for the asymptotic s t a t e .

The l imit for the maximum s t a t e is defined so that fuel rapture and

coolant boil ing do not occur. I t is a matter of discussion whether a

local fuel rapture due to a lacal power peaking and a local sub-channel

coolant boi l ing are accepted or not.

The l imi t and allowable duration of the asymptotic s t a t e are defined

so that the in teg r i ty of the coolant boundary i s assured.

I t is to be noted that the passive safety requi res an ul t imate shutdown

system.

Definition of Conditions for Passive Safely

Conditions required for passive safely should be defined quantitatively

in terms of key parameters .

It is a matter of discussion whether is the transient state to be evalua

ted in the DBE( design base event ) or not. If we consider the

probability of its occurence ,ATWS shoud be the BDBE ( beyond design

base event). However, a simple safety phylosophy can be developed if we

can treat ATWS as DBE.

Selection of key parameters is of primary importance to the present

method of approach. Selection will be made based on trial analysis.

Candidates for key parameters are reactivity coeficcients, linear heal

- 3 -

rale and the halving tine of the primary pump.

S E A R C H lr 0 II C O l i E S W .1 T 11 P A S S I V E S A F E T Y

The search for cores to meet the conditions cons is t s of the following

tasks :

(1) Survey for inherent r e a c t i v i t y

(2) Develop passive r eac t i v i t y control system

(3) Develop a concept of core with passive safety

(4) Safety evaluations

Tasks are described with some example of solutions in Table 3 and 4.

Survey for Inherent Reactivity

Survey calculatlos for reactivity coefficients as functions of the

composition and the configuration of cores are planned. The survey

calculations cover a wide range of the core composition and

configuration as shown in Table 3.

A simplified method of nuclear calculations should be developed to make

a large amount of calculations.

A data base will be formed based on the results of calculations.

Evaluation of uncertainty in nuclear calculations is necessary.

Reactivity due to thermal expansion and bowing of core compornents

plays impotant role to attain passive safety, and should be evaluated

carefully.

Passive Reactivity Control System

Passive reactivity control system, such as gas expansion model, control

rod drive with enhanced thermal expansion, has been proposed.

- 4 -



Reliability of such passive systems is subject to study.

Development of Core

A core with passive safeLy. may be developed by combining inherent

reactivity with passive reactivity control system.

R E F E R E C E S

1. T.Ikegaii etal : " A study of enhanced safety fast reactor core

concepts using mixed oxide fuels" ,Proc. of International Conference

on Fast Reactors and Related Fuel Cycles, Kyoto Japan (1991).

- 5 -
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OHP-1

OBJECTIVE : TO DEVELOP A FAST REACTOR
CORE WITH PASSIVE SAFETY

Define Conditions for
Passive Safety

e Define Passive Safety

• Define Limits
Quantitatively

• Define Conditions in
terms of Key Parameters

Key
Parameters

Reactivity

Linear Heat
Rate

Search for Cores to
Meet Conditions

e Survey for Inherent
Reactivity

• Passive Safety
Systems

• Develop Cores

• Safety Evaluation

F" a. e: -

OHP-2

Table 1 Conditions for Passive Safety-1

T A S K E X A M P L E

Conditions for Passive Safety

1. Define Passive Safety

O Definition is multi level

2. Define Limits Quantitatively

O Limit for maximum state

O Limit for asymptotic state

O Allowable duration for
asymptotic state

SYSTEM
VARIABLE

POWER'

.TEMP..

PEAK

/ ^ \ _ ^ ASYMPTOTIC

Transient state is less than limit without scram

O no coolant boiling

O fuel pin center melting ^ 25%

O coolant temp.^ 650°C

O 1 hour

require ultimate shutdown system
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OHP-3

Table 2 Conditions for Passive Safety-2

K E X A M P L E

Conditions for Passive Safety
3. Define Conditions in Terms of

Key Parameters
O DBEorBDBE
O Selection of Key Parameters
O Method of Analysis

(1) Parametric Survey by
Kinetics Calculations

(2) Inverse Method

DBE
Feedback reactivity, linear heat rate
Flow coast-down characteristics

Model
O Kinetics
O Thermal-

• Set key parameters

transient
state judgment

Model
O Kinetics
O Thermal-

. Set transient state to
meet the condition

Key parameters to meet
the condition

OHP-4

Table 3 Search for Cores with Passive Saf ety-1

T A S K

Search for Cores
1. Survey for Inherent Reactivity
1) Survey for Nuclear Characteristics
O Core Composition, Configuration
O Simplified Method for Nuclear

Calculations
O Data Base of Reactivity

Coefficients
O Evaluation of Uncertainty

2) Evaluation of Reactivity
O Expansion, Bowing

fuel sub-assembly bowing
expansion of CRD drive line
expansion of RV

E X A M P L E

fuel system: U-pu, Th-U
fuel material: MOX, Metal, Carbide, Nitride,

Liquid Metal
Coolant: Na, Lead, He
Moderator: Be, Graphite
Core Configuration: Cylinder, Modular,

Annulus, Axially double layered

negative feedback due to fuel subassembly
bowing
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Table 4 Search for Cores with Passive Saf ety-2

OHP-5

T A S K

Search for Cores

2. Passive Reactivity Control
System

O Use of Core Components
Expansion

O Use of Coolant Flow Change

O Reliability of Passive System

3. Development of Core

4. Safety Evaluation

E X A M P L E

Enhanced thermal expansion of CRD

Bottom Supported RV

Gas Expansion Model

Is a core with passive safety developed by
MOX?

OHP-6

Example of Conditions for Passive Safety

H. Hayashi etal.: Proceedings of 1991 Annual Meeting of the Atomic Energy Society of
Japan, B14(1991).

Reactor: Large FBR with MOX Fuel

O Limits for maximum
state

O Limit for asymptotic
state

O System Parameters
• Halving time of

the primary pump
• Pony motor f low
• Heat removal at

equilibrium state

Condition 1

O no bulk coolant boiling

O fuel pin center melting less
than 25%

O coolant temperature ^ 750°C

5~10sec

10%
natural circulation

Condition 2

O no subchannel coolant
boiling

O fuel pin center melting less
than 25%

O coolant temperature ^ 650°C

30 sec

10%
natural circulation
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ABSTRACT

The U. S. Advanced Liquid Metal Reactor
(ALMR) design employs innovative, passive
features to provide an unprecedented level of
public safety and the ability to demonstrate this
safety to the public. The key features employed
in the core design to produce the desired passive
safety characteristics are: a small core with a
tight restraint system, the use of metallic U-Pu-Zr
fuel, control rod withdrawal limiters, and gas
expansion modules. In addition, the reactor
vessel and closure are designed to have the
capability to withstand, with large margins, the
maximum possible core disruptive accident
without breach and radiological release.

INTRODUCTION

In January 1989, the General Electric Company
was awarded the Advanced Liquid Metal Reactor
Program by the U. S. Department of Energy to
develop an innovative advanced reactor concept
aimed at improving safety, enhancing plant
licensability, lowering plant costs, simplifying
plant operation, and with a capability to utilize
radioactive actinide waste products as fuel.1 The
concept referred to as PRISM (Power Reactor -
Innovative, Small Module) is a small modular,
pool-type sodium-cooled fast reactor. The basic
nuclear steam system, one reactor module and
steam generator, is shown in Figure 1. A PRISM
power block, producing 465 MWe, consists of
three modules operated in parallel and tied to a
single turbine generator.

ALMR passive safety assures accommodation of
anticipated transients without scram. A passive
reactor vessel auxiliary cooling system (RVACS)
assures safety-grade decay heat removal.2 This
system is always in operation and requires no
operator action or power source. In addition to
accommodating all design basis events and
several anticipated transients without scram
(ATWS) within performance limits, the ALMR
reactor module is also designed to accommodate
a whole core melt and disassembly accident
without vessel breach. In addition, a low
leakage, pressure retaining containment
capability provides residual risk accommodation.

This paper focuses on four topics: (1) the basic
ALMR safety philosophy, (2) reactor design
features affecting safety, (3) performance during
anticipated transients, without scram (ATWS),
and (4) accommodation of positive sodium void
worth.

ALMR SAFETY APPROACH

The safety goals and requirements established
for the ALMR program include the conventional
ones established in the past for sodium- cooled
nuclear power plants, such as leak protection,
fire mitigation, protection from natural
phenomena, etc. However, in response to the
recently evolving regulatory framework in the
United States and the lessons learned from past
experience, a number of additional safety goals
were established for the ALMR program which
may not have been used, or at lest not empha-

-REACTOR
MODULE

Figure 1. ALMR NUCLEAR STEAM SUPPLY SYSTEM

sized, in the past. In particular, the ALMR safety
approach emphasizes accident prevention,
preferably by using passive and natural
processes, backed up by accident mitigation as
required. This approach has led to the following
safety goals and characteristics:

Failure to scram to be less than 10~6 per
demand; reactor protection system well
separated from the plant control system.

Strong inherent negative reactivity feedback for
core reactivity control to maintain a safe state
for ATWS events.

No operator action required to reach and
maintain a safe state.

Passive decay heat removal, not vulnerable to
operator errors.

Operator action unable to inhibit or override
safety actions.

Very low core damage probability, below 1O~
per plant year.

High margins in ultimate seismic capability.

,-6

• Accidental radiation release probabilities
and characteristics such that detailed
offsite evacuation exercises and early
warning will not be required.

Passive and other innovative safety
characteristics to be demonstrable in a
prototype without damaging the plant.

REACTOR DESIGN FEATURES FOR SAFETY

The core and reactor are designed specifically to
support passive reactivity control and natural
circulation decay heat removal with ample
margins for public safety. The reactor is tall to
enhance natural circulation in both the primary
coolant and RVACS air circuits. The core power
rating, 471 MWt, is sized to match the RVACS
capabilities. The core average coolant outlet
temperature, 485'C (905T), and inlet tempe-
rature, 338'C (640'F). are low to enhance safety
performance margins throughout the reactor. The
reference fuel is metallic U-Pu-Zr alloy providing a
relatively small cold-to-hot reactivity swing. The
ferritic alloy HT9 is used for cladding and
assembly ducts to minimize swelling associated
with high irradiation fluence.

-2-
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Core Design

The ALMR core nuclear design is largely
governed by passive safety and reactivity control
issues. The core configuration, shown in Figure
2, contains 42 fuel assemblies, 57 blanket
assemblies, 3 gas expansion modules (GEMs), 6
control assemblies and a central ultimate
shutdown assembly. Surrounding the core are
42 reflector and 48 shield assemblies! The core
height is 134.6 cm (53 in) and the assembly pitch
is 15.96 cm (6.282 in).

The core is designed to minimize reactivity
changes during the cycle. Blanket assemblies
are shuffled each outage, for three, four or five
cycles, through a fixed pattern, starting in
internal blanket positions and migrating to the
radial blanket positions. This enhances internal
conversion and reduces burnup swing. Shuffling
has the added benefit of increasing the breeding
capability and flattening the radial power profile.
The fuel is not shuffled, but has three positionally
symmetrical refueling batches. With this fuel
management arrangement, there is no reactivity
variation from cycle to cycle caused by refueling
pattern variations. Burnup swing is small (about
$0.50) for the equilibrium core, making metal fuel
axial swelling effects the largest contributor to
reactivity change during a cycle.

Reactivity control for normal operations of
startup, load following and shutdown is
accomplished by a system of six control rods.
The control rod absorber assemblies have
sufficient worth that any one of the six can shut
down the reactor to a cold subcritical condition.
Redundancy in worth and diversity in method of
rod insertion makes the single shutdown system
very reliable, such that the required scram
reliability (<10-6 failures to scram per demand) is
estimated to be met with substantial margin. The
ultimate shutdown system is included as a fully
diverse means of scramming the reactor in the
event of a complete failure of the normal scram
system. The device consists of a canister of
small boron carbide balls in the cover gas space
under the reactor head connected by a flow tube
to an empty duct in the center of the core. The

#

O
O
#
#

Gas Expansion Module

Shield

Reflector

Radial Blanket

Driver Fuel

Internal Blanket

Control

Ultimate Shutdown

3

48

42

33

42

24

6

;

Total: 199

Figure 2. ALMR Configuration

balls can be released from the canister to drop
down the tube into the core. This manually
actuated scram follows reactivity self-limitation by
core thermal feedbacks.

Several design features combine to make
possible the single device scram capability of
either scram system by contributing to a small
scram worth requirement:

• Small core size for tight neutronic coupling

Fast spectrum reactor for tight coupling

• Minimized reactivity swing

Minimized reactivity design and fabrication
uncertainties

Minimized cycle to cycle reload reactivity
variations

Rod stops are used to limit the potential reactivity
insertion possible by an uncontrolled withdrawal
of all six control rods. Mechanical stops in each
control drive mechanism physically interfere with
carriage out-motion and passively stop a rod
runout. The amount of out-motion permitted by
the stops is determined during reactor design by
the core temperatures permitted during an
overpower event. For cores with a potential for
large reactivity changes during a cycle, such as
the prototype test core, the stops can be moved
during power operation under the control of a
redundant, safety-grade, electronic controller.
The gas expansion modules (Figure 3) are
included in the core design to offset the reactivity
insertion that occurs late in an unscrammed loss
of cooling event. In such an event, the reactor
vessel heats up and expands downward from the
reactor head. Since the core is supported from
the bottom by the vessel and the controls are
supported from above by the head, this
expansion lowers the core away from the
controls and adds reactivity. The GEMs provide
a fast negative reactivity feedback upon loss of
primary flow to counter this effect. GEMs have
been tested in a loss of flow safety test program
in the Fast Flux Test Reactor.3

GEMs are empty assemblies, sealed at their top
end and connected to the inlet coolant plenum at
the bottom end. As a GEM is lowered into the
reactor, it traps helium cover gas in its interior
tank. The elevation of the sodium-gas interface
inside the GEM is determined by the pressure of
the sodium at the assembly lower inlet holes.
The elevation of the seal at the assembly top end
is selected to establish the height of the inter-
face elevation just above the core at normal full
power operating conditions. When the pumps are
stopped, the gas expands against the reduced
coolant pressure, pushes the sodium out of the
assembly and lowers the gas-sodium interface to
below the core. A core reactivity change is
caused by the loss of sodium scattering back into
the core when the device voids. For a small core
with high radial leakage effects, GEMs are an
effective reactivity feedback device. In the
ALMR core, each of the three GEMs has a
feedback worth of about 0.23S. The choice of
metal fuel contributes to passive safety. Metal
fuel with sodium thermal bonding between fuel
and cladding results in low fuel temperatures
during operation. Low operating temperatures
and the harder spectrum of metal-fueled cores
reduce the positive Doppler reactivity feedback in
cooling the fuel from operating conditions to
shutdown conditions. Thus less negative feed-
back from other passive means is needed to
produce power self-control during loss of cooling
events that include a failure to scram. Fuel axial
thermal expansion also produces meaningful
levels of reactivity feedback.
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Reactor Design

Reactor design features that contribute to
passive safety are the control drivelines and the
core support structure. The control rod drivelines
are located external to the upper internal
structure so that they are immersed in the hot
sodium coolant discharged from the core. The
resulting rapid heatup of the driveline during
over-temperature events provides a relatively
rapid negative reactivity feedback as thermal
expansion lowers the controls deeper into the
core.

The core support structure contributes to
reactivity feedbacks for self-regulation of power in
several ways. The grid plate that spaces the
lower ends of the core assemblies is made of a
high thermal expansion coefficient austinitic steel.
Over-temperature of the inlet coolant expands
the plate and spreads the core, causing a
negative reactivity feedback. The reactor
structures surrounding this component are
designed to accommodate this expansion and
not interfere with the feedback. The assembly
ducts include stiff load pads immediately above
the core to control assembly spacing. Thermal
expansion of these stiff pads forces core
expansion and adds negative reactivity feedback.
Finally, the lateral core restraint features are
spaced at elevations promoting thermal bowing
of the assemblies that expands the core during
increases in power to flow ratio. The result is an
increase in negative reactivity feedback from.
radial thermal expansion. Overall, about 3/4 of
core radial expansion feedback is a result of
thermal expansion of the above core load pads
and the grid plate. The remaining 1/4 is a result
of bowing distortion of the ducts.

ATWS SAFETY CRITERIA AND LIMITS

The ALMR safety design goal is to accommodate
ATWS events, specifically unprotected transient
overpower (UTOP), unprotected loss of flow
(ULOF), and unprotected loss of heat sink
(ULOHS), so that core damage leading to a
safety challenge does not occur. The
conservative criteria used to insure public safety
during the ATWS events are the following:

Cladding Failure

High temperature cladding creep rupture is the
principal fuel pin failure phenomenon during
transients. The ferritic alloy HT9 has significant
degradation in creep strength at elevated
temperatures. For example, a typical end-of-life
fuel pin at a 760'C (1400'F) peak cladding
midwall temperature will fail by creep rupture in
about 45 minutes, including the effects of
cladding wastage from liquid-phase fuel-clad
alloy.

A complication of the cladding creep rupture
phenomena is internal cladding wastage caused
by formation of a low melting temperature alloy of
the metal fuel and cladding. Below the alloy
melting temperature of 700'C (1300'F), the alloy
formation is limited to a solid diffusion process
and cladding degradation is extremely slow.
Once the alloy has melted, the wastage rate
increases rapidly. As a conceptual design limit,
the cladding attack is limited to less than 10% of
the wall thickness, or 0.051 mm (0.002in). This
also limits the amount of fuel involved in the liquid
attack.

Local Sodium Boiling

To avoid local sodium boiling within the core, the
peak coolant temperature in the core is limited to
954'C (1750'F). A conservative boiling point
temperature for conditions in the core with the
primary pumps not operating is 960"C (1760'F),
and 1070'C (1960'F) is representative of the
boiling point with the primary pumps operating at
full flow.

Structural Integrity

The reactor vessel, internal structures and
reactor components are protected from thermal
creep damage by limiting the core average outlet
temperature to a time-at-temperature criterion.
For durations less than 1 hour, the limit is 760'C
(1400"F). For times over 1 hour, 700'C (1300'F)
is the limit.

Fuel Melting

Fuel central melting, per se, is not a cause of pin
failure. TREAT tests, especially M5 and M6,
have demonstrated that extensive fuel melting
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(exceeding 80% of a given cross-section) does
not affect the basic pin failure mechanism.4

Failure by cladding creep rupture, with clad
thinning by fuel-clad liquid phase formation, is the
appropriate mechanistic cladding breach criterion
even for pins with molten fuel in contact with the
cladding.

The fuel melting temperature is well above the
minimum temperature for formation of
fuel-cladding liquid phase. Limitation of the
amount and time duration of molten fuel (<50%
pin cross-sectional area for <2 minutes) is
provided to eliminate potential fuel motion
reactivity effects.

ACCOMMODATION OF ANTICIPATED
TRANSIENTS WITHOUT SCRAM

The analyses of ATWS events are performed
with the events being initiated while the reactor is
at nominal, full power (100%) conditions, with a
core inlet temperature of 338'C (640'F) and a
mixed mean outlet temperature of 485'C (905'F).
The analyses are performed at beginning of
equilibrium cycle conditions, when the power in
the driver assemblies is the greatest. The peak
assembly is representative of fresh fuel in the
reactor; however, for conservatism, the fuel
conductivity is based on irradiated fuel since the
conductivity of fresh fuel drops rapidly during the
first 1.5-2 atom % burnup.

The peak temperatures and maximum cladding
attack by fuel/ clad liquid phase formation are
summarized for the three ATWS events (UTOP,
ULOF/LOHS, ULOHS) in Table 1. It is apparent
that the conservative ATWS safety criteria are
met with large margins in all cases. Performance
details are discussed in the following paragraphs.

All-Rods Withdrawal Without Scram

This event postulates that a malfunction in the
reactivity controller causes the shim motor to
continue to withdraw the control rods until the
driveline reaches the rod stop, and the Reactor
Protection System (RPS) function of scramming
the reactor is absent. Analysis of the withdrawal
accident conservatively assumes a 0.40$
insertion limit. The rod stops are positioned to
limit the reactivity insertion to 0.30$, less than the

Table 1
SUMMARY OF ATWS TRANSIENTS
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0.40$ limit even with appropriate margin. The
reactivity insertion rate is 0.02$ per second,
which corresponds to the maximum speed of the
shiln this event, the rods are fully withdrawn to
the rod stops (assumed to be at 0.40$) in 20
seconds. As shown in Figure 4, the power rises
rapidly as the rods are withdrawn, and reaches a
maximum of 175% of full power in 40 seconds.
At this time, the negative reactivity feedback
(shown in Figure 5), mostly Doppler and thermal
expansion, has turned the power rise around.
The power then drops over the next 100 seconds,
and stabilizes at about 130% of full power. The
fuel pin temperatures follow the power changes,
with the peak fuel, cladding and coolant
temperatures reaching maximums of 1030'C
(1885T), 715-C (1320T) and 685'C (1265"F),
respectively at 40 seconds. The cladding attack
due to fuel/clad liquid phase formation during this
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event is less than .0025 mm, well below the
0.051 mm limit. The reactor mixed mean outlet
temperature also peaks at595'C (1105'F) in 40
seconds, and then levels off at about 563'C
(1045'F). The temperatures during this event
are shown in Figure 6. For conservatism during
this event, it is assumed that the axial expansion
of the fuel is based on the cladding temperature
rather than the fuel temperature. All safety
criteria are met with margin.The nominal 0.30$
all-rods withdrawal reactivity insertion, associated
with the nominal rod stop setting, results in a
peak fuel temperature of 975-C (1785'F), or 56'C
(100'F) lower than the conservatively assumed
0.40$ reactivity insertion case.

Loss of Flow Plus Loss of Heat Sink Without
Scram

The specified ALMR ATWS event is a loss of
primary flow without scram. Normally, heat
transfer out through the IHX/IHTS/steam gene-
rator train would continue. Even with loss of
secondary and water-steam side pumping power
(as in a station blackout), natural circulation
would occur in the IHTS loop and heat would be
removed through the IHTS pipe insulation and
also into the stored water supply. For
convenience in analysis and to provide additional
conservatism, it has been assumed that no heat
removal occurs through the IHX, IHTS and BOP.
The transient is thus analyzed as an unprotected
(no scram) loss of flow and heat sink
(ULOF/LOHS) event. Adding further conserva-
tism, the axial fuel expansion is based on fuel
temperatures rather than on cladding
temperatures.

In this event, the power and flow drop rapidly at
the start of the transient, as shown in Figure 7,
since the loss of flow activates the GEMs. As
shown in Figure 8, there is some initial
under-cooling of the fuel pins before the negative
reactivity of the GEMs takes effect. The fuel,
cladding and coolant temperatures peak at 800'C
(1470-F), 660'C (1220T) and 650"C (1200'F),
respectively, at 3-5 seconds into the transient,
and then the core starts to cool. As seen in
Figure 9, there is little negative feedback other
than GEMs during the early part of this transient
because the GEMs rapidly reduce the power.
However, as the primary pump coastdown ends,
the coolant starts to heat up again. Since there

is no heat sink other than RVACS, the vessel
continues to heat up for a while. • The heatup of
the vessel causes the core to move away from
the control rods, and the net effect is positive
reactivity feedback due to thermal expansion. At
about 1400 seconds into the transient, the effects
of the control rod expansion along with the other
positive feedback effects overcome the negative
feedback of the GEMs and the power starts to
rise. The core heats up during this slow power
rise, and other feedback mechanisms (Doppler
and core radial expansions) become negative
and turn the small power excursion around. The
mixed mean outlet temperature slowly increases
as RVACS heat removal comes in balance with
the decay power.and it peaks at about 635'C
(1175'F) at 46000 seconds, as seen in Figure 10.
The cladding attack during this event is less than
.0025 mm.

Loss of Heat Sink Without Scram

In this event, it is assumed that the normal heat
removal train (IHX, IHTS and BOP) is suddenly
removed, e.g., due to a large sodium-water
reaction causing the secondary sodium to be
dumped. It is assumed that scram is not
successful and the primary pumps continue to
run until they are tripped by an over-temperature
signal at 538'C (1OOO0F). The core performance
during this event is summarized in Figures 11
through 14. Peak fuel, cladding and coolant
temperatures are 790'C (1454'F), 711'C
(1312'F), and 710'C (1312'F), respectively.
Consistent with the other two ATWS events, all
safety criteria are met with margin.

ACCOMMODATION OF POSITIVE SODIUM
VOID REACTIVITY

The reactivity effect from core voiding at
end-of-equilibrium cycle conditions is shown in
Table 2. The principal contributors to the overall
void worth are the interior assemblies (fuel and
internal blankets). The control assemblies contri-
bute the majority of the negative void reactivity
due to the high leakage in these assemblies.The
peripheral assemblies such as radial blankets,
reflector and shield assemblies have a net effect
of a small negative void worth. The negative
effect results from the increase of neutron
leakage that overrides the positive spectral effect

Table 2
SODIUM VOID WORTHS FOR THE ALMR

REFERENCE METAL CORE

Assembly
Voided

Driver

Internal Blankets

Radial Blankets

Fuel & Blankets

Control

Ultimate Shutdown

Gas Expansion
Modules

Reflectors & Shield

Total Non-Fuel

Whole Core

Void Worth (SI
Full

Length

2.95

2.47

-0.27

5.15

-2.91

-0.18

-1.43

-0.20

-4.72

0.43

Positive
Region Onlv

3.87

2.72

0.11

6.70

0.79

0.01

0.00

0.00

0.80

7.50

from sodium voiding. The total worth from the
voiding of high power assemblies (fuel and
blanket) is $5.15, assuming full assembly voiding.

The total worth of voiding all assemblies in the
core is $0.43. It is noted that the reactivity effect
of voiding control rods may be overestimated
since no transport corrections were applied to the
voided control assemblies.

The maximum void worth for a single assembly
(full length) is about $0.16 for the inner fuel and
$0.12 for the internal blankets. The void worth
becomes less positive for those assemblies that
are some distance from the core center and
eventually becomes negative for the radial
blanket and shield assemblies.

The axial distribution of void worth is shown in
Figure 15 for the fuel and blanket assemblies and
in Figure 16 for the non-fuel assemblies. In the
axial traverse, the void worth is negative at the
upper and lower ends of the fuel column due to
pronounced neutron leakage effect and positive
near the core midplane from the predominantly
spectral effect. The cumulative fuel assembly
void worth does not become positive until about
the upper 30% of the active fuel region is voided.

It is important to realize that, for the ALMR, the
ATWS events discussed above do not normally
lead to fuel pin failures and core voiding and, in
fact, have very large margins to severe core
damage. The probability of a severe core
accident is less than 2.5 x10 "7per plant year or,
equivalents, less than 2.5x10"® per reactor year.

The large (>0.9g) earthquake contributes 86% of
this severe core damage risk; all internal
initiators contribute only 14%. The probability of
an ATWS event resulting in a significant positive
reactivity addition and severe core damage is
less than 0.01; this combined with the probability
of failure to scram of less than 4x10"? per
reactor year results in an ATWS severe core
damage probability of less than 4x10"9 per
reactor year. This probability is so low that
severe core damage from ATWS events can
clearly be treated as "residual risk".

In addition, the primary system is completely
sealed during power operations, and provides a
strong barrier designed to contain severe core
disruptive events without leakage. Preliminary
assessments indicate, that the core support and
primary systems structures can contain energetic
events producing several hundred megajoules of
mechanical energy and gross core melting. The
expected energy release from a severe event in
a small, metal-fueled core is not more than a few
tens of megajoules, and metal fuel is expected to
resolidify under most conditions in a porous,
coolable form.

The containment surrounds the primary system
and represents a separate pressure retaining,
essentially leak tight boundary. It consists of the
containment vessel which backs up the primary
vessel, and the upper containment dome which
backs up the reactor head closure. Even though
the primary system boundary is designed to
contain severe core disruptive events, the design
basis for the containment is such an event with
the simultaneous breach of the primary system
boundary. For the containment design basis it is
assumed that the cover gas escapes through the
reactor head closure, carrying with it 100% of the
fission gases and lesser fractions of the other
radioactive materials, and that air enters the
primary system, resulting in a pool fire which
consumes all the oxygen available within the
containment dome. The resulting pressures and
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temperatures are within the containment dome
design levels of 1.7 bar (25 psig) overpressure
and 370'C (700T) temperature. The less than 1 %
volume per day design leak rate results in
radiation dose levels less than 1 REM whole body
at the plant boundary for the first 36 hours.

It has been concluded that the probability of core
voiding in the ALMR is extremely low and the
consequences, if core voiding were to occur, are
acceptable because the maximum energetics
produced are contained within the primary
boundary and the core debris is subcritical and
coolable. Additionally, a complete, separate
containment boundary is provided around the
primary boundary. Thus, the positive void worth of
$5.15 in the ALMR reference core is acceptable
from the standpoint of public risk.

SUMMARY AND CONCLUSIONS

The ALMR is being designed to accommodate
passively with little damage very unlikely events,
down to a probability of occurrence less than 1 x
10"6 per plant year. The core design assures
strong negative reactivity feedbacks such that
anticipated transients without scram are safely
accommodated. The primary boundary (reactor
vessel and closure) is designed to accommodate
the largest possible core disruptive accident
without breach and radiological release; this
approach fully accommodates, without perfor-

mance or economic penalty, the $5 positive void
worth of the fuel plus blanket assemblies. The
enhanced safety capabilities, combined with small
size and cost, make possible a full scale prototype
safety test and demonstration program. Licensing
and public acceptance of this plant concept are
thus significantly enhanced by the capabilities
produced by designing for passive safety.
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ABSTRACT

The paper presents a core concept of BN-800 - type fast
power reactor with zero sodium void reactivity (SVR).
Consideration is given to the layout and some design features
of such a core. Some considerations on the determination of the
required SVR value as one of the fast reactor safety criteria
in accidents with coolant boiling are presented. Some
methodical considerations on the development of calculation
models that give a correct description of the new core features
are stated.

The results of the integral SVR calculation studies are
included, reactivity excursions under different scenarios of
sodium boiling are estimated, some corrections into the
calculated SVR value are discussed.
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1. INTRODUCTIOH

Currently, in the USSR and abroad the research and
development works on fast reactor projects with notable
inherent safety properties are in progress. The important place
in these studies is occupied by an aspect of sodium void
reactivity (SVR). This problem originates in the development of
large fast reactors with Mixed uranium-plutonitni fuel and
relates to a sufficiently large value of positive reactivity
("• 2Z a k/k) released in voiding reactor or its core. The
activities in this field have been carried out both in the USSR
and abroad during almost a thirty-year period.

Until recently the fast reactor designers have been of a
rather stable opinion that such a big value of SVR in projects
is allowed because of extremely snail probability of core
voiding according to calculational estimates. The same point of
view is shared, for example, by the groups of designers of the
European fast reactor. The position of "an extremely small
probability" has been validated on the calculation -theoretical
level rather well, but still there have been some doubts in
its absolute persuasiveness. These doubts became particularly
acute after the Chernobyl accident. This tragedy urged forward
the searches of the ways aimed for the reduction of SVR in the
designs under development. Therefore, the problem of positive
SVR reduction seems to be essential and urgent, and an
examination of fast reactor safety is underway now in the USSR
taking into account the solution of this problem.

How can we reduce the SVR in large fast breeders? Some
possibilities based on the increase of neutron leakage and
neutron spectra* variation in the core have been studied
before. Several projects of fast reactor cores with reduced SVR
have been proposed: heterogeneous cores, cores with increased
surface, cores with a neutron moderator. Although they had
managed to reduce SVR considerably in these projects it

remained at the level of 2-3
The studies that have been carried out in the USSR

lately, show that a substantial way to reduce SVR in large fast
breeders is a more efficient use of sodium coolant screening
properties at the core boundary /I/.

Removal of sodium at the core boundary dramatically
increases neutron leakage from the core, i.e. leads to a
considerable negative reactivity, while a neutron spectrum
variation (a positive component in SVR) is insignificant. This
fact has been noted before when analyzing the perturbation
theory formula for SVR (see, for example, /Z/), but Until
recently it has been out of practical application.

This idea on SVR reduction was first examined for the
BM-1600 - type large power fast reactors /I/. Considerable
"dilution" of upper axial blanket in the reactor of this type
contributes to reducing SVR to zero and even passing to the
negative region. The "dilution" of upper axial blanket is
accomplished primarily via sodium plenum (with a low amount of
steel) arranged at the upper edge of the core. And the value of
SVR reduction depends considerably both on reactor dimensions
(power) and a sodium plenum thickness.

One should note that the realization of this idea in the
concrete designs of fast reactors will need some structural
modifications of the conventional designs, but in comparison
with other means of SVR reduction these modifications are
considerably less and do not practically affect the principal
design bases (coolant flow distribution system, control rod
arrangement in the core and so on). The idea of sodium plenum
implementation was also developed for other fast reactor
designs.

The paper presents a core concept of the BN-800 - type fast
power reactor with sodium void reactivity close to zero.
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2. DESIGH FEATURES OF A CORE WITH SODIUM PLENUM

The core accommodates 560 sub-assemblies with Mixed oxide
uranium-plutonium fuel of the single enrichment and 30 control
rods. The core height is 90 cm, the cylindrical radius is 128
cm. The central area of the core incorporates an internal
breeder zone. The internal breeder zone consists of uranium
dioxide and has pancake-type shape with an equivalent radius
about 2/3 of the core radius and with a height about 20 cm.
In-core arrangement of the internal breeder zone allows fuel of
the same enrichment to be utilized with a sufficiently good
flattening of power distribution. In addition, an axial layout
of the internal breeder zone causes higher neutron leakage from
the core to the axial blankets that increases a sodium
efficiency at the edge of the core.

Sodium plenum is implemented between the core and the upper
axial blanket. The sodium plenum is about 30 cm in height. The
sodium plenum contains the steel of sub-assembly wrapper tubes

and sodium only.

The upper axial blanket situated above the sodium plenum
serves as a shield to the above-reactor structures.

Below the core the lower axial blanket is situated.
The core is surrounded with lateral blanket sub-assemblies

and steel sub-assemblies of lateral reflector behind them.
Fig. 1 illustrates the schematic diagram of the reactor.

3. SOME METHODICAL CONSIDERATIONS ON
THE DEVELOPMENT CALCULATION TECHNIQUES

To calculate SVR and other physics characteristics the
calculational models in 2D and 3D geometry have been developed.

The sodium-plenum fast reactor SVR calculations differ from
neutronics calculations of a conventional core ,In this respect

let us dwell on two aspects which are to be taken into account
in the course calculation model development. In the correct SVR
calculations control rods, their followers and also
above-reactor steel structures should be taken into account
properly. The studies have been carried out in the IPPE
(Institute of Physics and Power Engineering, Obninsk) result in
that a conventional homogeneous description of control rods and
their followers in the core leads to a notable increase in the
SVR value. It is accounted for the fact that in the homogenized
subzone the increase in sodium amount in fuel takes place at
the cost of sodium contained in the rods and particularly in
their followers. In fact the last sodium has another (lesser)
efficiency in comparison with the sodium contained in fuel sub-
assemblies. Therefore, the description of control rods and
their followers in the form of rings without homogenizing them
with fuel sub-assemblies is more correct for SVR calculation.
Such a manner of control rod and their follower description was
adopted in developing the calculational models in 2D geometry.
As to the calculation model in 3D geometry the control rods and
their followers were described as separate calculation cells
according to their position in the core. And it should be taken
into account that sodium removal from control rod cells (and
rings) leads to notable errors in the SVR value if the SVR is
calculated with the codes based on the diffusion theory.

The second important aspect is a correct description of the
above-reactor steel structures. It particularly concerns the
calculation of the sodium-drained system, when a sharply
increasing neutron leakage from the core leads to a
considerable increase in albedo characteristics of steel
structures situated comparatively far from the core. Ignorance
of this fact in routine calculations results in underestimating
the SVR value that can reach- 0.4 Zak/k (less positive or more
negative value). The performed studies have demonstrated that
the adequate description of above-reactor structures in the
calculation model is obligatory. The total thickness of
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calculation zones describing the above-reactor structures
(steel+ sodium) must be not less than one meter starting with
the sub-assembly heads. Only in this case the SVR value of
sodium plenum fast reactor can be calculated adequately.

4. CHOICE OF THE INTEGRAL SVR VALUE
AS A CRITERION SPECIFYING REACTOR
SAFETY UNDER SODIUM BOILING

The choice of reactor regions where a zero SVR value is
postulated during a sodium drainage , is an extremely important
aspect of the problem involved. In the scientific publications
alternative definitions of this value may be encountered:
demand for a zero SVR in the entire reactor region or only in
the core sub-assemblies or only in the fuel part of the core
sub-assemblies.

A sufficiently reasonable approach to the definition may
arise from the qualitative consideration of the initiation and
propagation of sodium boiling in the fast reactor /2/. In the
accident with primary loop pumps disconnection without scram
(LOFWS) sodium boiling originates in the upper regions of the
core where the temperature is maximum. The initiated process of
sodium boiling runs quickly enough along the radius and the
height of the core filling in the upper axial blanket and the
core volume within 1-2 seconds. That's why it is reasonable to
postulate the zero SVR value in the following regions of the
core sub-assemblies: upper axial blanket, sodium plenum, core
with an internal breeder zone. The negative component in SVR
due to sodium plenum is assumed to compensate the positive
component of the core in time, taking into account the core to
sodium plenum height ratio is approximately to 3. The assumed
criterion is more strict than the demand for a zero SVR value
when voiding core sub-assemblies over all their height. Of
course, a strict validation of the chosen criterion is to be

obtained merely on the basic of dynamics studies in the onset
and propagation of sodium boiling accidents.

5. CALCULATIONAL RESULTS OF INTEGRAL SVR STUDIES

Calculations of SVR were carried out using the diffusion
code SINTEZ /3/ in 2D geometry and the Monte-Carlo code MMCFK
/4/ in 2D and 3D geometry. The nuclear data in both codes were
taken from the national library BHAB-78 /5/ with the ARAMAKO
26-group data preparation technique /6/.

The "worst" state of the reactor from the standpoint of SVR
has been examined. It is the beginning of cycle when boron
control rods (serving as fuel burn-up compensators) inserted
into the core increase a positive component in an integral SVR
value.

The volume fraction of steel of sub-assembly wrapper tubes
equals to 8% (conventional wrapper tubes without holes). In the
calculations the consideration was given also to a wrapper tube
with reduced volume fraction of steel ( in the region of sodium
plenum) up to 4Z (a so-called punched wrapper tube, i.e.
wrapper tube with holes).

The results of calculations are presented in Tables 1
and 2. In the Table 1 the results are given for punched
sub-assemblies, in the Table 2 - both for punched sub-
assemblies and for conventional sub-assemblies.

Analyzing the calculation data the following conclusions
can be drawn:

- calculational results obtained with diffusion codes give
more negative SVR values (approximately to 0.2%Ak/k);

- sodium removal from the control rods (and their
followers) gives a negative contribution in SVR at the
level of 0.12 4 k/k;

- application of punched sub-assemblies does not virtually
influence the integral SVR value, though diffusion codes
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give a SVR reduction in this case to 0.2% A k/k;
precise 3D calculations made by Monte-Carlo method show
that a proposed core layout has a practically zero SVR
value ( within the framework of the postulated SVR
definition in section 4); even taking into account the
calculational uncertainties the SVR value is
approximately two times leas than the delayed neutron
effective fraction

6. SVR CALCULATIONS UNDER DIFFERENT
SCENARIOS OF SODIUM BOILING

Sodium boiling propagation over a core volume in LOFWS
accident is a very complicated process which can be described
with dynamics calculations in 3D geometry. For the purposes of
the present paper this task was not set. However it seems vital
to determine a potential nonlinearity of SVR using some
empirical schemes of sodium boiling. As shown below, depending
on the sodium boiling scenario positive reactivity swings
occur, that considerably surpass the integral SVR value
estimated in section 5. For the analysis of these aspects four
sodium boiling scenarios have been examined:

- uniform heat-up and simultaneous boiling of sodium in
all sub-assemblies ;

- sodium boiling in a few sub-assemblies and expansion of
the process on the core radius;

- sodium boiling in the upper part of several sub-
assemblies and expansion of the process in the axial
direction;

- sodium boiling in the upper part of several sub-
assemblies and evolution of the process over the core
radius and height;

Reactor reactivity calculations for the adopted scenarios
of sodium boiling were carried out in 2D geometry with the
SINTEZ code.

6.1 UNIFORM HEAT-UP AND SIMULTANEOUS SODIUM

BOILING IN ALL CORE FUEL SUB-ASSEMBLIES

Sodium in all core sub-assemblies is assumed to be heated
uniformly. In this case sodium density varies from the
operation point (y =^) to zero ( jf = 0). Fig. 2 shows the
variation of reactor reactivity under this emergency process
evolution. It can be observed from the curve that with the
total sodium removal the positive reactivity ( 0.1% A k/k)
is inserted, however, the maximum positive reactivity swing is
0.35Z A k/k with the value (^-jO/fc being approximately 0.65.

The calculation in this section were made for unpunched
fuel subassemblies (see table 1 and conclusions in section 5).

6.2 SODIUM BOILING IN A FEW FUEL SUB-ASSEMBLIES
AND PROCESS EXPANSION ON THE CORE RADIUS

Boiling is assumed to expand on the neighbouring sub-
assemblies covering the total core after sodium removal from
one fuel sub-assembly (or from a group of fuel sub-
assemblies). Here, consideration may be given to two potential
situations.

The first consists in sodium boiling initiated in the
central fuel sub-assembly propagating towards the periphery.
The second potential situation implies that sodium boiling
originates in a group of fuel sub-assemblies with the maximum
power rating and the subsequent propagation towards the center
and periphery on the core radius.

Fig 3. shows the plots of reactor reactivity variation for
two above potentialities. The maximum positive reactivity swing
occurs with sodium removal in approximately 2/3 of core fuel
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sub-assemblies and amounts to ~ 0. 43% a k/k and - 0.20% .4 k/k for

the first and the second situation, respectively.

6.3 SCENARIO OF AXIAL SODIUM BOILING EXPANSION

In the previous section the maximum reactivity swing was
shown to be realized under sodium removal in approximately 2/3
of the core fuel sub-assemblies. The scenario of sodium boiling
expansion for this part of the core only was outlined. Sodium
boiling is assumed to start in the top sections of the core,
then the vapour bubbles go upward and downward over the
aforementioned fuel sub-assemblies at various speeds.

Fig. 4 shows the plots of reactor reactivity variation for
different ratios of speed of upward and downward vapour bubble
motion (Vu/Vd). At the same rate of upward and downward
propagation of the vapour bubbles, the maximum positive
reactivity swing amounts to~0. 43% ik/k. The most unfavourable
cases from the standpoint of positive reactivity swing are
those, when the downward bubble propagation rate noticeably
exceeds the upward propagation rate. At the downward bubble
propagation rate 2.5 ' times higher than the upward one
( Vu/Vd = 0. 4 ) the positive reactivity swing exceeds the above
value (e.g. at Vu/Vd ==0.3 the additional increase of positive
reactivity swing is equal to ~ 0.252 A k/k).

6.4 COMBINED SCENARIO OF SODIUM BOILING

This SCENARIO implies that sodium boils in the top section

of the core in a few number of fuel sub-assemblies, then the

process of boiling extends in the axial and radial directions

at various velocities.

Fig. 5 shows the curves of reactor reactivity variation at

various ratios of velocities in the axial and radial direction

(Vh/Vr).

In this case the upward and downward boiling propagation
velocities are assumed to be equal ( Vu/Vd=l ). It can be
observed from the plots, that the maximum positive reactivity
swing occurs in the cases, when the rate of axial propagation
exceeds the rate of radial propagation. The maximum positive
reactivity swing with the velocity ratio Vh/Vr =1.6 amounts
to<-0.43% Ak/k.

The above results evidently do not provide a thorough
description of the emergency situations with sodium
boiling, nevertheless they indicate a potential surpass of zero
integral SVR by an order of magnitude - 0. 3% A k/k.

7. SOME CORRECTIONS IN A CALCULATIONAL
VALUE OF INTEGRAL SVR

The calculation models developed for SVR calculations are
incapable to take into account all the features of a core and
its components. Besides, all the calculations were made at the
sodium temperature corresponding to operational temperature
during a normal reactor operation. Therefore, the introduction
of some corrections is required even in the most correct . SVR
calculation made by the MMCFK code in 3D geometry. Among them
the following were under consideration:

- correction of the core temperature state prior to sodium
boiling;

- correction related to a heterogeneous arrangement of
steel in sodium plenum;

- correction related to taking into account the
interstitial sodium;

The SVR correction taking into account a core temperature
state prior to sodium boiling was estimated by the SINTEZ code
and equals + 0.05% A k/k. The remaining two above-mentioned
corrections are considered below.
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7.1 ALLOWANCE FOR STEEL HETEROGENEITY

IN SODIUM PLENUM

The essential influence of sodium plenum becomes apparent
with sodium drainage and consists in a drastic increase in
axial neutron leakage upward from the core. Actually only
wrapper tubes of sub-assemblies in sodium plenum are available
after sodium removal. The volume fraction of wrapper tube steel
is equal to 8 Z. In calculational models steel of wrapper tubes
is homogenized in sub-zones including sodium plenum. In
actuality the neutrons are supposed to be subjected to a less
number of collisions with steel nuclei than in the case when,
this steel is smeared. Thus steel homogenization evidently
improves the albedo properties of sodium plenum, which results
in the reduction (upon absolute value) of the SVR negative
component. To estimate this effect the calculations with the
MMCFK code have been made. It should be noted that the studies
in this field have not been completed yet, and the obtained
results should be considered tentative.

The estimation of steel heterogeneity was obtained in the
reactor cell calculations. To this effect the calculational
model of reactor heterogeneous cell has been developed. In this
model an interstitial sodium and a hexagonal wrapper tube were
separated into special sub-zones. The volume inside hexagonal
tube was represented in a conventional homogenized manner
according to the axial layout of the reactor. The calculational
model of homogenized cell was designed on the base of
heterogeneous cell. The interstitial sodium and steel of
wrapper tube were smeared with mixture being inside wrapper
tube. The axial description of homogenized cell was the same as
for the heterogeneous one. The diagrams of two calculational
models are presented in Fig. 6 and 7. The following boundary
condition are observed on the radial surface of the cells:
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grad <p = 0, i. e. the reactor is represented as a infinite one
upon the radius. The calculational results are given in
Table 3.

Thus according to preliminary estimations, with the
allowance for steel heterogeneity in a sodium plenum decreases
the SVR value approximately by 0.3 I4k/k. This estimation was
made with the nominal magnitudes with the statistical
deviations neglected. To reduce the statistical deviations
calculations are to be continued. This work is currently under
way.

In spite of this fact the above-mentioned estimation was
used in section 8.

7.2 INTERSTITIAL SODIUM CONTRIBUTION IN THE SVR

In the core the interstitial sodium occupies about 9 % of
area and that constitutes 1/4 of the total quantity of sodium
in the core. Interstitial sodium is partitioned by the wrapper
tube off the fuel pins so its boiling in the emergency can be
delayed in comparison with flooded sodium inside wrapper tube.
Therefore it is advisable to estimate a contribution of this
sodium in an integral SVR value. In addition to above-said one
can suppose that interstitial sodium has an another reactivity
worth than flooded sodium because of its "far enough"
heterogeneous arrangement from fuel pins.

For estimation of interstitial sodium effect the
calculations of heterogeneous cell (Fig. 6) with the retention
of interstitial sodium were carried out.

The tentative calculation results are given in Table 4.
The contribution of interstitial sodium in the integral SVR

value can be found out from the comparison of data in Table 3
(for heterogeneous cell) and in Table 4. According to the
nominal values this contribution may be up to +0. 6% Ak/k. But
this value can hardly be interpreted because of big deviations
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of obtained calculational results,

direction are under way.

The studies in this

8. CALCULATIONAL VALUE OF INTEGRAL

SVR WITH THE CORRECTIONS.
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Table 5 gives calculational value with the allowance for
the following corrections: correction for core temperature
state before sodium boiling, correction for heterogeneity of
steel in sodium plenum. The correction for interstitial sodium
contribution was not introduced.

In addition as the researches showed, the integral SVR
value can be reduced by ~ 0.1 Z A k/k due to a Minor downward
(-3 cm) displacement of internal breeder zone. In view of
nonlinearity of SVR in emergency 40.3 Z A k/k a zero SVR
value is obtained for the case, when sodium remains in control
rods and the negative value 0.1 Zik/k, when sodium is removed
from control rods as well (the values are given according to
their nominal calculational orders of magnitudes).

9. CONCLUSION

The core concept of fast power reactor with a zero value of
sodium void reactivity has been proposed. The zero SVR is due
to sodium plenum introduced between the core and the upper
axial blanket. In the nearest future the research of the
dynamics of such a core in emergency with sodium boiling is
required.
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TABLE 1
Calculation results of SVR in 2D geometry, %

Regions of
sodium removal

Core sub-assemblies
(core + internal
breeder zone +
sodium plenum +
axial upper blanket)

Core
(core+internal
breeder zone)

CODE

SINTEZ MMCFK

-0.09

+ 1.50

+0.064 + 0.26
+0.079i 0.20

Note: The first result obtained with the MMCFK code
corresponds to the number of histories 75000 (computing
time with the ES-1060 computer is l.5h), the second
result corresponds to the number of histories 150000
(computing time is 3h).
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TABLE 2.
TABLE 3

to
h-1

Calculation results of SVR in 3D geometry obtained
with the MMCFK code,

Computing
time, hour;

Number of
histories

1.5
62000

3
125000

4.5
190000

6
250000

7.5
315000

9
380000

With punched sub-assemblies
in the core

With sodium
retention in
control rods and
their followers

+0.194 + 0.312

+0.336+ 0.229

+0.358+• 0.181

+0.153+ 0.156

+0.049+ 0.14

+0.080+ 0.13

With sodium
removal in
control rods an
their followers

+0.348+ 0.324

+0.004 ± 0.221

+0.084+ 0.18

-0.039+ 0.16

-0.048± 0.14

-0.050+0.13

Conventional
sub-assemblies

in the core

With sodium
retention in
control rods and
their followers

+0.293 + 0.325

+0.271+ 0.214

+0.174 + 0.176

+0.166+ 0.151

+0.054+0.12

Note: Sodium removal in calculations was made in all
sub-assemblies of the core (from lower core edge up to
sub-assembly heads).

Sodium void reactivity for heterogeneous and
homogenized cells, % 4 k/k.

Heterogeneous cell

Number of
histories

73600

104400

135200

165400

SVR

-O.43iO.36

-0.34 + 0.29

-0.60 + 0.26

-0.43 10.23

Homogenized cell

Number of
histories

96400

128800

137200

SVR

+0.085+• 0.28

-0.085+-0.25

-0.085 + 0.24

Note: Sodium removal in calculations was made in all core
sub-assemblies ( from lower core edge up to sub-assembly
heads).

TABLE 4
SVR of heterogeneous cell with retention
of interstitial sodium, % A k/k

Number of h i s t o r i e s

38200

54100

159000

174800

190600

207200

239400

255600

SVR

+0.42+0.48

+0.171 0.40

+0.2410.22

+0.25 + 0.21

+0.31 +0.20

+0.25 + 0.19

+0.27 ±0 .18

+0.19 10 .17
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TABLE 5.
Calculational value of integral SVR with corrections, %*k/k.

Calculational value with
sodium removal from the total
fuel sub-assemblies of the
core (from the lower edge of
the core up to sub-assembly
heads)

Contribution of a temperature
state of the core before
sodium boiling

Contribution of heterogeneity
of steel in sodium plenum

Calculation value with
corrections

With retention
of sodium in
control rods
and followers

+0.054+0. 12

+ 0.05

-0.3

-0.2 +0.12

With sodium
removal from
control rods
and followers

-0.05 ±0.13

+0.05

-0.3

-0.3t 0.13

Note: The unpunched sub-assemblies in the core were used.
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the reactor
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breeder zone

Core of the
same enrichment
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I
A
L

B
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K
E
T

Fuel subassembly nozzles

R
A
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I
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R
E
F
L
E
C
T
0
R

Fig. 1 Scheme of principal of fast reactor
with zero sodium void reactivity.
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Fig 2. Reactor reactivity variation with sodium density
change.

0 - 0 . 5 1
Fig. 3 Reactor 'reactivity variation with sodium boiling

propogation on the core radius
1 -from the centre towards the periphery
2 -from the fuel subassemblies with maximum power

ratingf towards the centre and the periphery).
£ -fraction of voided core fuel subassemblies
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Fig 4. Reactor reactivity variation with axial
propogation of sodium boiling.
a -fraction of fuel subassembly height with

sodium drained
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Fig 5.Reactor reactivity variation under sodium
boiling propogation on the radius and the
core height simultaneously.
A -fraction of the core volume with sodium drained.
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Fig.6 Calculational model of heterogeneous cell.
Fig.7 Calculation model of homogenized cell.
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ABSTRACT

XA0055424

The paper presents the results of temperature and power
reactivity feedback components calculations for fast reactors with
different core volume when using oxide, carbide, nitride and metal
fuel. Reactor parameters change in loss of flow without scram and
transient over power without scram accidents was evaluated. The
importance of various reactivity feedback components in restricting
the consequences of these accidents has been analyzed.

INTRODUCTION

By reactor inherent safety one means its ability to endure
different emergencies without exceeding ultimate parameters,
specifying its operability due to properties inherent to reactor
design or, at least, at operability loss to confine the
radioactivity release from the reactor within design limits.

As applied to the core the inherent safety implies the
capability to avoid multiple fuel elements failure and fuel melting
in hypothetic accidents, accompanied by emergency protection
failure, the most severe of which are loss of flow without scram
(LOFWS) and transient over power without scram (TOPWS). In general
the core inherent safety can be achieved through introduction of
different self-actuated reactivity suppression systems, such as gas
expansion modules (GEM), ensuring the reactor shutdown in LOFWS
accident (I).

At most the core inherent safety is achieved in case when the
necessary ristriction of reactor power and temperature level is
reached only due to reactivity feedback. The detailed components of
this feedback (reactivity effect, associated with sodium density
change, Doppler effect, effects attributed to axial and radial core
expansion) mean different role in diverse accidents. In their turn
the values of the components themselves depend on reactor scale and
on the type of fuel used.

I. Basic Data Adopted For Analysis.

A number of different power cores with oxide, carbide, nitride
and metal (alloyed by. 10 % of zirconium) uranium-plutonium fuel
(Table I) was chosen for the analysis.

The typical fast reactor core composition was taken: fuel,
sodium and steel volume fractions acounting for 39 %, 38 %, 23 %
respectively. Core height was 95 cm for all variants.

The average core heat density was adopted equal to 430 MW/m
the coolant temperature at reactor inlet and outlet were assumed as
354°C and 547°C, respectively (I).

Helium - bonded fuel elements when using oxide, carbide and
nitride, and .sodium-bonded fuel elements for metal fuel were
considered.

The main characteristics of fuel elements with different fuel,
specifying the core physical parameters and the reactivity feedback
are given in Table 2.



-3-

The components of temperature reactivity coefficient were
calculated according to standard procedure in 26 group approximation
in R-Z geometry using BNAB-78 library. The calculation results are
presented in Table 3 and in Fig. 1. For all types of fuel the
negative temperature coefficient components, attributed, to geometry
change, decrease as core power (volume) rises , while the Doppler
effect and the positive component, attributed to sodium density
change, increase.

The geometric components (core expansion along the radius and
the height) have rather close values for different fuel types when
calculating with the same coefficient of linear expansion. However,
it is necessary to take into account that at reactor operation with
high burnup in the partial refuelling schedule the oxide fuel in
fuel elements on the whole will be engaged with cladding, the
carbide and nitride fuel may both be engaged with cladding and

expand freely, the metal fuel will expand freely. The sodium density
component for high density fuels is of great importance; it
increases most greatly when using the metal fuel.

The Doppler constant is almost the same for the oxide, carbide,
nitride and is considerably lower for metal fuel. Moreover, the
temperature change at reactor power change is negligible for metal
fuel, so the entire Doppler effect is relatively small. The Doppler
reactivity effect is partially attributed to structural steel, its
contribution in the Doppler constant accounts for 6-12 % depending
on fuel type.

The component, presented in Table 3, associated with radial
core expansion was calculated assuming that the core diameter
increases uniformly with coefficient of core structural material
linear expansion equal to 20xl0"6l/fc (stainless steel).

When changing sodium temperature at core outlet with account of
close fuel assembly head contact (through spacer pads) one can
assume conic core expansion. Accounting for a certain fuel assembly
geometry at low location of gas plenum in fuel elements, the
component attributed to radial expansion (U,K) in this case will
account for 60 % of X r , observed at unform expansion given in
Table 3.

In the case of upper gas plenum location that takes place in
sodium-bonded metal fuel elements J-R will account for 40 % of cCr

However, taking into account that <J-R in a complicated manner depends
on the number and location of spacer pads it is expedient to perform
an analysis for metal fuel at J-u =0,6 <Lr as well.

One should put emphasis on the component, attributed to control
rods movement. This component may be of great importance at early
time following sodium outlet temperature increase on the condition
that small thermal inertia of control rod drive shafts (rods
insertion into the core is provided) is ensured. This component
value depends on drive shafts length, control rods' worth and their
position relative to the core. At adopted integral layout of fast
reactors the length of drive shafts in sodium is~6 m. When sodium
temperature at core outlet increases from T outlet to T outlet the
corresponding control rods movement is 0.12 (Touttet -T̂ jutlet ) mm.
The reactivity contribution from control rods movement versus their
position in the core is given in Table 4. Reactivity worth of
control rods' full stroke (1 m) is-7 % Ak/k, that corresponds to
cores with oxide fuel.
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As it follows from examination of the Table to provide reliably
the appreciable reactivity effect caused by control rods drive
shafts thermal expansion the partial immersion of the rods into the
core in the upper operating position is necessary. The negative
reactivity inserted thereby (0.3 %Ak/k) corresponds to~l % of the
additional loading of fission material into the reactor, that is
considered to be admissible.

2. Analysis method.

To compare the behaviour of cores with different fuels in LOFWS
and TOPWS accidents the quasi-static estimations of core temperature
change on the basis of reactivity balance analysis were used.
Corresponding procedure was offerred in /2,3/ works, where such
generalized reactor reactivity change factors as temperature,
flowrate and power reactivity coefficients were used for the
analysis. It was shown that the more is the ratio of flowrate
coefficient to power one, the less is temperature rise in the
reactor in LOFWS accidents and the more is the sum of power and
flowrate reactivity coefficients the less is the power rise in TOPWS
type accidents.

In the report given the reactivity balance components are used
for the analysis, each of which is associated with temperature of
one core component. Reactor reactivity change in emergency as
related to initial state at reactor nominal power operation is found
from following equation:

(i)
where the items are the reactivity change components, attributed to
sodium density change, Doppler effect on steel, Doppler effect on
fuel , axial fuel expansion, radial core expansion, control rods
movement due to the control rod drive shaft thermal expansion,
inserted reactivity, respectively.

The relationship mentioned can be used for quantitative
estimation of reactor temperature asymptotic change in emergencies,
setting the resultant reactivity equal to zero.

With account of dependences of reactivity feedback components
on sodium, fuel and steel temperature the following expressions for
temperature rise at core outlet in LOFWS (2) and TOPWS (3) accidents
are obtained after corresponding transformations.

T outlet = -

T outlet

where AT,"

+ 2
(2.)

A T c

>,"
<"ri the difference of the average fuel

temperature and average fuel claddings
temperature from the average sodium
temperature at the reactor nominal
power, respectively;

- nominal coolant heating in the core;
- steel fraction falling on the fuel elements claddings;
- average fuel elements heat rating at nominal power;
,/R,JOifl</o.3.^cR~ corresponding reactivity coefficients ( I/°C);
- inserted reactivity.
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When deducing the formulae (2), (3) sodium temperature at core
inlet was assumed unchanged (354 °C).

When using the formulae for evaluation of reactor parameters
change in emergencies in the form given it can take into account the
nonlinear Doppler-effect dependence on temperature in a simple
enough way (by iteration method). Moreover, in formulae (2), (3) the
Doppler component on steel stands out, which in comparison with fuel
can contribute in in qualitatively another way to reactivity change
in LOFWS type accidents (fuel temperature in this accident can
decrease and steel temperature will always increase).

The relative change of heat rating on fuel elements in formula
(2) characterizes the reactor power reduction under consideration.

To analyze the possibility of spontaneous reactor shutdown the
finite power should be specified at the level of residual energy
release, i.d. ~ 5 % of nominal.

The reactor power change in the accident with reactivity
insertion follows from the relation.

3. Emergencies Consequences Evaluation.

The results of estimating the reactor parameters change in
LOFWS and TOPWS accidents when accounting for all the reactivity
feedback components according to their nominal values are given in
Fig. 2,4. As Fig. 2 shows for all fuel types the more is the core
volume, the more is the increase of sodium temperature in reactor in
LOFWS accident. The maximum sodium temperature increase is observed
for the oxide fuel. It is possible to avoid sodium boiling and
subsequent core disrupture when using the oxide fuel only at core
volume being less than 3 m* (It means that with account of
non-uniformity of sodium heating up in fuel assemblies (FAs) the
boiling in individual FAs can start at average sodium temperature at
core outlet ~900°C). For carbide and nitride the situation is
somewhat better, sodium boiling is avoided up to core volume of 4
and 5.5 m', respectively. For metal fuel the sodium temperature
remains appreciably lower than the saturation point of all the core
volumes under consideration.

The TOPWS accident analysis was made on the assumption of
inserting the positive reactivity of 0,1 %Ak/k. Such reactivity can
be inserted at unauthorized withdrawal of control rod, core FAs
vibrations, passing of gas bubblers through core central part. Fig.
4. shows that for oxide, nitride and carbide the reactor power rise
accounts for 16-18 % and does not depend on core volume. For metal
fuel the power rise is greater: from 23 % for the core with 0.6 mJ

volume to 41 % for the core with 9.6 m* volume.

The data on reactivity balance, showing the importance of
different reactivity feedback components for reactor parameters
change in the accidents considered are presented in Figs. 6,7. The
figures show that for ceramic fuels the Doppler effect is the most
important one, thereby if in TOPWS accident the Doppler effect
compensates the inserted positive reactivity and limits power rise,
then in LOFWS accident for reactor power reduction the Doppler

effect should be compensated by negative components, associated with
sodium temperature. Thus, the low Doppler effect value for metal
fuel ensures relatively low sodium temperatures in the reactor in
LOFWS accident while the reactor power rise in TOPWS accident is
restrained by Doppler effect to a lesser extent, than when using
ceramic fuels. The Doppler effect on steel is negligible, but it has
a peculiarity: in LOFWS accident it has another sign than the
Doppler effect on fuel due to differences in steel and fuel
temperatures change.

The radial core expansion and absorber rods movement owing to
thermal expansion of control rods drive shafts are important for
restriction of both accidents. Figs.6,7 show that at the assumptions
adopted these components have almost the same values.

The axial expansion is of importance only for limiting the
power of the reactor with small volume core in TOPWS accident.

On the contrary the change of sodium density is important only
for medium and large volume cores. For them this component has an
appreciable positive value in LOFWS accident and also for metal fuel
in TOPWS accident.

On the basis of the results obtained one can draw a conclusion
that the situation in LOFWS accident can be improved at the expense
of decreasing the Doppler effect on fuel by reducing the heat
rating. As appeares from calculation results given in Figs. 3,5,
when reducing the heat rating load by 25 % the sodium temperature at
core outlet for ceramic fuels can be reduced by 50-90°C. In TOPWS
accident the reduction of heat rating results in greater reactor
power rise., however this increase is not so considerable.

As it was already noted, the results presented were obtained
when using the nominal values of all reactivity feedback components
on reactor temperature and power. However, for the full evaluation
of cores inherent safety it is necessary to take into account the
reliability of each component functioning. It is evident that
reactivity change associated with sodium density change and the
Doppler effect will- display themselves in any situations and their
deviations from nominal design values can be associated only with
errors of physical characteristics and fuel temperature
calculations, that should not result in qualitative changes in
accident consequences estimates. Reactivity change due to axial fuel
expansion is more uncertain. Here not only the value, but also the
effect sign are specified by the value of fuel part engaged with
fuel elements claddings. But how it has been already noted, this
component is not of great importance.

The uncertainty in exhibiting the reactivity effects' attributed
to radial core expansion and thermal expansion of control rods drive
shafts is the most considerable one. The value of the last component
depends on the central column design and thermal deformations of
other reactor components. So, for instance, the reactor vessel
thermal expansion at its warming up results in reverse
effect-control rods withdrawal from the core. The changes in
stressed-strained state of the core FAs, due to irradiation,
vibration, earthquake effects may be the reason of decreasing the
radial core expansion effect.
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The LOFWS accident calculation results assuming that O^R = O are
given in Fig. 8,9 for metal and oxide fuel, respectively. It is
obvious that at this assumption in case of using- the oxide fuel the
situation becomes worse considerably even at nominal effect of core
radial expansion. This refers to other ceramic fuel too (Table 5).

For metal fuel the sodium boiling is possible to avoid only in small
volume cores and the finite result here will depend completely on
the value of core radial expansion effect.

The TOPWS accident at picu =0 for the oxide fuel and other
cermic fuels is not accompanied by considerable additional reactor
power rise (Fig.11, Table 6), and even the additional complete
elimination of core radial expansion does not result in catastrophic
consequences since the Doppler effect functions effectively. For
metal fuel the situation in TOPWS accident at«tCR=0and at decrease of
radial expansion effect becomes worse to a considerable extent,
especially for large volume cores (Fig.10).

Conclusion.

1. Comparision of homogeneous cores with different fuels
according to reactivity feedback copmponents on reactor temperature
and power shows that only metal fuel considerably differs from
oxide fuel. This difference consists in larger value of the
component, associated with sodium density change, and in lesser
Doppler constant. The Doppler effect at reactor power change is
considerably lower also because of relatively low temperature of
metal fuel which has a good heat conduction.

2. When using oxide, nitride and carbide fuel the reactivity
feedback (the Doppler effect in the main) restricts the consequenes
of TOPWS accident with insertion of 0,1 % A k/k reactivity, power
increase by 20 % for the core of all volumes considered (from 0,6 m5

to 9,6 m * ) . With account of the uncertainty in displaying some of
reactivity feedback components when using these fuels it is
impossible to rule out completely sodium boiling in LOFWS accident
even in a small volume core with the most advantageous combination
of feedback components for restricting the consequences of this
accident.

3. When using the metal fuel one may rely on inherent safety of
the small volume core (-1 m') in accidents of both types. The large
volume cores with metal fuel do not possess reliable feedback
attributed to the properties of cores thermselves to restrict
accident consequences with emergency protection system failure to
actuate.

4. The merit of small volume cores in inherent safety degree is
basically due to absence or small value of reactivity feedback
positive component, attributed to sodium density change.

5. Only Doppler effect and the reactivity change due to sodium
density change can be referred from all reactivity feedback
components on temperature to undoubtedly acting ones in all
.situations. The most uncertainty in evaluating the degree of core
inherent safety is brought about by the uncertainty in exhibiting
the component,associated with radial core expansion.

-8-

6. Core inherent safety can be considerably enhanced when
inserting the control rods into the core at the expense of thermal
expansion of control rods drive shafts. However, this effect is not
an inherent property of the core itself and so it is necessary to
compare to reliability of its acting with reliability of passive
means of effecting on reactivity, such as gas expansion modules
obsorber rods,- kept by flow of coolant,and others.
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Table 1 Core Scale

Reactor power, MWth

Core volume (nr)

Core radius (m)

263

0,6

0,45

1050

2,4

0,89

2100

4,8

1,25

4200

9,6

1,78

Table 2 Fuel Pins Specifications

Item

Outer diameter (mm)

Fuel smear density,
(g/cm

J
)

Maximum linear power
(kW/m)

Average linear power
(kff/m)

Average fuel
temperature (°C)

Linear coefficient of.
termal expansion x10

(1/"C)

Oxide

6,6

8,6

48

30

1200

20
(for
cladding)

Nitride

7,8

11,5

67

42

950

10

Carbide

7,8

10,9

67

42

1000

12

Metal

6,6

11,8

48

30

600

20

Table 4 Temperature reactivity coefficient

component caused by control rods'

drive shafts extension

Position of lower
absorber end of
control rods

100 em above the core

At upper core boundary

100 mm below upper
core boundary

Reactivity contri-
bution, 56 Лк/к

-0,05-10'
5

-0,2- 10~
5

-0,5- Ю"
5

Poisoning by
absorber,Лк/к

~ 0,001

~ 0,003

-9-
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Table 3 The components of temperature reactivity coefficient

Core
volume,
m*

0,6

2,4

4,8

9,6

Compo-
nent

<L%
X>

Xi

***

X>

Oxide

- 0,13-I0"5

- 0.67-I0"5

- I.II-ICT5

- 0,0053

0,29 -ftp5

- 0.33-I0""5

- 0 . 9 M 0 " 5

- 0,0077

0.50.I0"5

- 0,23-I0"5

- 0,84-IO*5

- 0,0085

0.54-I0"5

- 0.20-I0"5

- 0.0I-10"5

- 0,0090

Nitride

- 0.07-I0"5

- 0.30-I0"5

- I.0I-I0"5

- 0,0051

0,41-IO"5

- 0.I5-I0"5

- 0,81-IO"5

- 0,0075

0,55-I0"5

• -O.II.IO" 5

-0,75 • IO"5

- 0,0083

0,66-IO"5

- 0,08-IO"5

- 0,71.IO"5

- 0,0000

Carbide

-0,02-KF5

- 0,36-IO"5

- I.03-I0"5

- 0,0051

0,45'HP?

- 0,18- IO"5.

- 0,83-IO"5

- 0,0075

o.sg-'Kr5

-0,14-HT6

- 0,77-IO"5

- 0,0084

0.70-I0"5

- 0,10-IO"5

-0.73-I0"5

- 0,0090

Metal

- 0,27-IO"5

- 0,67-IO"5

- 1,15-IO"5

- 0,0016

0,91-IO"5

- 0,37-IO"5

- 0,98-nr5

- 0,0031

I.II-IO"5

- 0,28-IO"5

- 0,92-IO"5

- 0,0037

1,27-IO"5

- 0,22-KT5

- 0,08-HT5

- 0,0042

Note; 06̂ 4, JLi, JLi. - sodium density, axial, radial components

X> - Doppler coefficient (Tdk/dl)

Table 5 The calculational reaulta of average sodium temperature at core outlet

in LOFIVS accident, °C

Core
volume,
nr

0,6

2,4

4,8

9,6

0,6

2,4

4,8

9,6

0

^,5-IQ"5

Linear
power
(relative)

1,0

0,75

1.0

0,75

1,0

0,75

1,0

0,75

1,0

0,75

1,0
0,75

1.0
0,75

1,0

0,75

Oxide

820

770

1040

940

1190

1050

1260

1100

750

710

880

810

950

870

980

890

Nitride

770-910

730-840

970-1100

900-900

I080-II80

980-1060

II80-I280

I050-II30

710-800

690-750

820-880

770-820

870-920

810-850

910-940

840-870

Carbide

780-950

740-870

I000-II40

910-1020

III0-I250

I000-II00

1230-1340

I080-II70

720-830

690-780

840-910

780-840

890-950

820-870

930-980

860-900

Metal

680

660

750

710

820

760

920

840

650

630

660

640

670

650

690

660 j

Note; the first values for nitride and carbide are determined for the assumption of axial

Gladding extension, tae secondary ones-for the assumption of axial fuel extension



Table 6 The calculational results of reactor power rise in TOPVfS accident

Gore
volume,
m*

0,6

2,4

4,8

9,6

0,6

2,4

4,8

9,6

i«

0

o,5-ios

Linear
power
(relative)

1,0
0̂ 75

1,0
0|75

r,o
0,75

1,0

o1*
1,0

1,0
0,75

1,0
0̂ 75

Oxide

20
21

19
21

19
21

19
21

16
17

16
17

16
17
16
17

Hitride

18-23
20-24

21-23
23-25

21-23
24-25

22-53
24-26

15-18
17-19

17-19
18-20

17-18
19-20

18-18
19-20

Carbide

17-23
19-24

19-23
22-25

20-22
22-25

20-22
23-25

14-18
16-19

16-18
18-20

16-18
18-19

17-18
18-19

Metal

31
33

50
56

63
70

'75
85

23
24

33
35

37
39

41
43

Note; the first values for nitride and carbide are determined for the assumption

of axial fuel extension, the secondary ones - for the assumption of axial

cladding extension
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ABSTRACT

A sensitivity study has been carried out on negative reactivity

feedback caused by core towing to assess the potential effectiveness of FBR

passive safety features in regard to withstanding an anticipated transient

without scram (ATMS). In the present study, an analysis has been carried

to obtain the best material and geometrical conditions concerning the core

restraint system out for several power to flew rates (P/F), up to 2.0 for a

300MWe metallic-fueled core.

Fran this study, it was clarified that the pad stiffness at an above

core loading pads (ACLP) needs to be large enough to ensure negative

reactivity feedback against ATWS. It was also clarified that there is an

upper limit for the clearances between ducts at AC£P. A new concept, in

regard to increasing the absolute value for negative reactivity feedback

due to core bowing at ATWS, is proposed and discussed.

In recent FBR core design studies (for example PRISM /I/), it has been

expected that the core bowing, in view of its magnitude and quick response,

could be one of the roost important sources of negative reactivity feedback

to ensure passive safety features against ATWS.

A sensitivity study has been accomplished on the negative reactivity

feedback caused by core bowing to assess the potential effectiveness of FBR

passive safety features in regard to withstanding an anticipated transient

without scram (ATWS). Core bowing calculations have carried out with a

three-dimensional finite element code ARKAS 121. Calculations on the

reactivity caused by these core bowings have been carried out, using a

method based on the first order perturbation theory. All of the

calculations have been accomplished for a two-dimensional model.

In the sensitivity study made, to determine the best material and

geometrical conditions concerning a core restraint system, the follwing

design items were selected as sensitivity parameters. Calculations were

carried out for several power to flow rates (P/F), up to 2.0 for a 300MWe

metallic-fueled core.

(1) Pad stiffness at above core loading pads (ACLP)

(2) Gap clearance at ACLP

(3) Bending stiffness at the duct bottom

(4) Core axial level

(5) Duct material

All calculations were carried out for an initial core, in which all

ducts were assumed to be straight under the zero power condition.

- 1 - - 2 -
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2. AKKftS Code

ARKAS is a three-diinensional finite element code for predicting core

distortion and mechanical behaviour in fast reactors. It was developed by

one of the present authors/2/. It is programmed in KKERAN-IV language and

is capable of treating up to 260 sub-assemblies in a cluster with flexible

boundary conditions, including mirror and rotational symmetry.

In this code, two nodels can be selected to describe each single

hexagonal sub-assembly. Gne is the beam model, the other is the shell

model. Figure 1 shows these models.

1b represent the non-linear stiffness due to the contact between

neighbouring surfaces, a fictitious element (the joint element) is placed

on each contact surface, as shown in Fig.l. Biis element also has the

ability to represent friction effects and to describe the state of partial,

or angled, contact.

Strains due to swelling, creep and thermal expansion are'calculated

for all six wrapper comer mid-wall points and all user-specified wrapper

face mid-wall points. For calculating the load vectors, these values are

assumed to vary linearly in a circumferential direction between the

neighbouring mid-wall points at each Z-plane.

A substructure method is employed for the numerical procedure to save

computer time and data storage. Tt> solve non-linear equations, the

Newton-Raphson method is adopted. In each iteration step, a reconstructed

linear matrix equation is solved by the block successive over-relaxation

method or by the direct solution method of the Cholesky decomposition.

3. Analytical Conditions

(1) Core description

Ihe reactor core cited in this study is a 300 MWe metallic fueled

core, which is composed of 100 driver fuel subassercblies, 42 radial

blankets, 9 control rods and 180 reflectors. Figure 2 shows the core

layout. The major specifications are listed in Table 1. The active core

length is 1200mm and no axial blanket is placed. The total length of a

subassembly is 4300 mm, including a 350 mm long entrance-nozzle. The core

restraint system for the core is assuned to be a limited-free-bowing

system, which has four restraint planes, corresponding to the top restraint

pads (TtiP), the above core restraint pads (ACLP), nozzle base and nozzle

tip. Figure 3 shows the lateral layout for the core restraint system,

including the active core position. The duct material is assumed to be HT9

and the core support material is assumed to be SUS.

(2) Analytical model for core bowing and induced reactivity change

calculations

For convenience, all calculations were implemented for a

representative radial row of subassemblies, as shown in Fig. 2.

Core bowing performances were calculated, using a core bowing analysis

code ARKAS. The used calculation model was the beam model, in which the

duct bottom was fixed with a bending stiffness modeling the restraint

effect caused by bending deflection of an entrance-nozzle. Figure 4 shows

the calculation model.

Q
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Ihe material reactivity worth distribution used in the reactivity

calculations for these core bowings was obtained with a two-dimensional RZ

model, based on the first order perturbation theory, using the JFS-3-J2

group constant library. The result is given in Fig. 5.

Temperature distributions in the core for several P/F ratios were

estimated, based on the assumption that the temperature rise in each

subassembly was proportional to the P/F ratio.

4. Results

4.1 Standard case

| Figure 6 shows the radial displacements for Subassembly (S/A) 6 at 1.0

co and 2.0 in P/F and the difference between these displacements
i—•

I [ (displacement at 2.0 in P/F) - (displacement at 1.0 in P/F) ]. Figure 7

represents the differences for all S/As. Hie difference means the radial

expansion of the core during the P/F increase from 1.0 to 2.0. Core

expansions in LMFBR cores are expected to cause negative reactivity

feedbacks. Figure 8 shows the reactivity change as a function of P/F

ratio. From this figure, it has been clarified that the -14.7 cents

negative reactivity feedback is obtained during the P/F increase from 1.0

to 2.0.

4.2 Sensitivity studies

(1) Effect of contact stiffness at

- 5

The contact stiffness under compressions of pads on a hexagonal shaped

duct is said to take sore characteristic values corresponding to the pad

shapes ; a dimple, a plate welded or a massive ring format. It is also

said to vary, according to the number of contact faces.

As explained in Reference 3, dimple formats supply a relatively small

stiffness of about lOKN/mm (2-face loading condition) or 30KN/mn(6-face

loading condition), plate welded formats take from 30KN/mm(2-face) to

600KN/irm(6-face), and massive ring formats achieve a quasi-infinitely large

stiffness, even for a 2-face loading (see Fig.9).

In the sensitivity study on the contact stiffness at ACLP, two cases

were selected ; l,500kg/mm and 100,000kg/nm (10,000kg/mm in the standard

case). Figure 10 shows the radial displacement for Subassembly (S/A) 6 at

1.0 and 2.0 in P/F and its difference between 1.0 and 2.0 in P/F in the

case with 100,000kg/mm. Comparing Fig.6 and Fig.10 suggests that the

greater the contact stiffness is, the more the radial expansion is

increased. Figure 11 shows the reactivity changes for three cases, as a

function of P/F ratio. Note that the reactivity feedback, due to bowing

during the P/F increase from 1.0 to 2.0, could be positive, if the contact

stiffness is too small.

From this analysis, it has been clarified that a pad stiffness at ACLP

needs to be sufficiently large to ensure negative reactivity feedback

against ATWS.

(2) Gap clearance at ACEP

In the standard case, the gap clearance at fiCLP was set at 0.2nro( at

room temperature). in the sensitivity analysis, the ACLP clearance was

- 6 -
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varied from 0.2mm to 0.6nm.

The result is shown in Fig.12. ftie peak point in the reactivity should

occur in the range where P/F is smaller than 1.0 (the left hand half in

Fig. 12), in order to obtain negative reactivity feedback against ATMS

(because, at A1WS, P/F will increase from 1.0). So, Fig.12 suggests that a

negative feedback at AIWS could be achieved by optimizing the gap clearance

to less than an upper limit. In the present core, the limit clearance is

0.4nm. Figure 12 also shows that the greater the clearance is, the larger

the negative gradient becomss for the reactivity change, this is resulted

from the decrease in the contact load at ACLP, due to the increase in the

clearance.

(3) Bending stiffness effect at the duct bottom

In the present study, the duct bottom was fixed with a bending

stiffness value simulating the restraint effect caused by the bending

deflection for an entrance-nozzle. In the standard case, the stiffness

was assisted to be 3.8E+08 kg/nm, which was obtained from the elastic beam

theory, considering entrance-nozzle dimensions. The stiffness could be

reduced by using innovative designs, such as a flexible joint implemented

in an entrance-nozzle. In the sensitivity analysis, a 38kg/mm stiffness

case was implemented to estimate characteristics in a completely free

condition.

Figure 13 shows the radial displacements for Subassembly (S/A) 6 at

1.0 and 2.0 in P/F and the difference between 1.0 and 2.0 in P/F, in the

case of 38kg/mn stiffness. Comparing Fig.6 and Fig. 13 suggests that the

less the bending stiffness is, the more the radial expansion is increased.

Figure 14 shows the reactivity changes for the two representative

stiffness values as a function of P/F ratio.

From this analysis, it is suggested that a smaller bending stiffness

at the duct bottom is desirable, to obtain larger negative reactivity

feedback against AIWS.

(4) Core axial level

After raising the core axial level by 370mm from the position in the

standard case, a sensitivity analysis was carried out. Has ACLP level was

set at 50mm above the altered core top level.

Figure 15 shows a comparison between reactivity changes for this case

and for the standard case. It was found that a higher core axial level is

desirable, in order to obtain larger negative reactivity feedback against

ATWS.

(5) Duct material

In the standard case, HT9 was used as the duct material, to minimize

duct swelling during irradiation. In the sensitivity analysis, the

material above the ACLP was changed to SUS316, which has a higher thermal

expansion coefficient. Above the ACLP, the neutron flux is much lower than

in the active core region, so this design seems to be acceptable, even in

the recent core design aiming at higher bumup.

Figure 16 shows the radial displacements for Subassenibly (S/A) 6 at

1.0 and 2.0 in P/F and the difference between 1.0 and 2.0 in P/F for the

SUS316/HT9 duct case. Comparisons between Fig.6 and Fig.16 show that the

SUS316/HT9 duct achieves larger core expansion during ATWS. Figure 17

shows the reactivity changes for this case and for the standard case,
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together with the all SUS316 ducts case as a function of P/F ratio.

From this analysis, it has been clarified that the SUS316/HT9 duct is

extremely useful in order to obtain larger negative feedback against ATWS.

5. Conclusion

All the results obtained from the present reactivity analyses on

several design constants concerning the core restraint system are

summarized in Fig. 18. The following conclusions can be drawn.

(1) The pad stiffness at ACLP needs to be sufficiently large to ensure

negative reactivity feedback against ATWS.

(2) There is an upper limit for the clearances between ducts at ACtP.

(3) A new concept, regarding a duct with varying materials along the axial

level, is very effective to increase the absolute value for the

negative reactivity feedback against ATWS.
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Table 1 Core design specifications

Reactor power
Thermal efficiency
Reactor inlet/outlet temperature
Refueling interval
Burnup reactivity swing
Reactor shutdown system
Fuel material
Smeared density (fuel/blanket)
Feed Pu (238/239/240/241/242)
Cladding material
Peak linear power
Bundle pressure drop
Averaged discharge burnup

300 MWe
38 %
355/510 Xi
1-2 year
-0 Ss^k/k
Primary and Backup
U-Pu-10 *Zr
75/80 XTD
0/58/24/14/4 w-%
Ferritic steel
350 W/cm
<3.5 kg/cm2
>90 MHd/kg

- 13-

4300 TLP

2620 ACLP

Fig.3 Lateral configuration for core restraint system.

- 14-



I

&
I

- 9SS -

\
I
15

I

2.5 10-7

2.0 10'7

1.5 10"7

1.0 10"7

5.0 10'8

0

-5.0 10"8

-1.0 10"7

-1.5 10"7

-

mam

i

i

0 20

! !

- . —

' * " mm

a

" .

_ _ . - • — • "

•

•

40 60

j

I
j

• • ]

1

80

-Homo
•Homo

—Homo

^.

1

100

In-Core
Out-core
Blanket

—

120

Radial position (cm)
Fig.5 Material worth distribution used in reactivity change

calculations due to cor- bowing



-81 - -a -

AXIAL LOCATION (mm) AXIAL LOCATION (mm)

2

g
CO

-o

o
m
s
m

O
O
o

o
O
O

Co
o
CD

o

O
C3
O

Q.

o
3
3

CO

-a

o
m
m

2
31

j
L—•—i—

i
~~ j -

!

i

°——— • , —

o
! O
! ~"
\ m

——~-i

i

— -

j

•

X

i
!
1

P ! -)
-a

-n
o

Tln
N3

O

-n
m

CO

3"
CO
ca

D

' a
m

(a

=f
3

Q
-o

II
a
KJ

3
3

5
KJ



* - i i i i i i i i i i
U I U U U J b J l

S

to
CO
00

3niUA -

- 1 9 -

Subusembly

H.»«9on«l wc.pp,c tub. .croj
»rij>p«r tub, w , n thicko.ji

Splk. l.n^l,
S* pitch in th« 7tid plu<

5300

1 9 0 ,

F F F F F

Dimple

load introduction in the center load introduction near edges

I
1 Plate welded

lOKN/mm 30KN/mm 10~20 times

Massive ring(Collar)

—oo

(25000KN/mm)

Fig.9 Pad compression stiffness variety, due to geometrical configuration

or the number of loading faces (cited from Reference 3)

- 2 0 -



E

z
o

5
O
O

P/F=1.0

- 6 S Z -

P/F=2.0

H22M5EK

D1FFER

4000

3000

2000 —

<
< 1000

ou

— —

—

f
\
I

—

—

—/

V

X
——'f

-

j/

—T

A

0

LP

;LI

DRE

Gap = 0.2 mm
Stiffness = 1.0E+05 kg/mm

- * 25. 0

2.0 mm DISPLACEMENT

Fig. 10 Radial displacemant in Subassenibly 6 for a hard MXP pad stiffness

Parameter : ACLP Stiffness (kg/mm)

1-

Ui

o

uw
01

DC

40

30

20

10

-10

-20.

,...rt T".

t.5 E+03
C+ UO. 6]

1

P/F

1.0 E+04 (Standard case)

i-tu.n

1.0 E+05

2 [ - # 2 5 . 0 ]

Fig. 11 Conparing reactivity changes as ACLP pad stiffness functions



-wz-

Parameter : Gap Clearance (mm)

40

30

20

> 10
o
0)

-10:
1

P/F

0.6 mm
[-#17. ?]

0.4 mm

0.2 mm (Standard case)
C-#H.1]

Fig.12 Comparing reactivity changes as ACLP gap clearance functions

H22M4EKF

E
E

o

I
o

4UUU

3000

2000

1000

n

—

—

—

H/F-

1

\

1

• 1 .

—

1

[)

/

— —

P/F-

—

—

/

\

\

/

2.0

\ /
/

—

—

I

—

DIFFER

1

_ _

\

1

—

C

1
LP

—

01

OF

—

P

IE

2.0 mm DISPLACEMENT

Gap=0.2 mm
Stiffness = 10E+04 kg/mm
B e n d = F r e e ( 3 . s x i o k g /

- # 1 9 . 7

Fig. 13 Radial displacement in Subassanbly 6, for a soft botton bending

stiffness



40

2
HI

30

20

••g 1 0
ra
CD
K

-10

Parameter : Bottom Stiffness (kg/mm)

3.8 E+01 [-#19.7]

v \ \ 3.8 E+08 (Standardcase) [- t 14. 7]

1

P/F

Fig.14 Catparing reactivity changes as bottom bending stiffness functions

Parameter : Core center Level (mm)

P

o

8
cu

40

30

20

10

-10

/ / '

/ f

2020 U - U . 6 ] )

1650 ^ ^ ^ s ^

(Standaidcase) [-#-14. T]̂ >

1

P/F

Fig.15 Caiparing reactivity changes as core axial level functions



HSS8M4EK

z
o
<
o
o

<
<

P/F=1.0 P/F=2.0 DIFFER

4000

E 3000
E

2000

1000

f
\

TLP

ACLP

CORE

2.0 mm DISPLACEMENT

Gip = 0 . 8 I S

SlKfiMi =

Mileriil : BT9/S11S31S

Fig. 16 Radial diaplacarent in Sufcaasonbly 6 for SOS316/HT9 duct

Parameter : Material

HT-9 (Standardcase) [ -*H. T]

HT-9/SUS316 C-*3l ;0

Fig.17 Comparing reactivity changes as duct material functions



s
i

Parameter

ACLP pad stiffness (kg/mm)

ACLP gap clearance (mm)

Bending stiffness at bottom(kg/mm)

Core axial level(mm)

Duct material

Standard Value

1.0E+04

0.2

3.8E+O8

1650

HT9

Specified Value

1.0E+05

0.4

0.6

3.8E+01

2020

SUS

HT9/SUS

Standard Case (

c
in

EZ
E

1
1

-14.7 cent)

-40 -30 -20 -10 0
Bowing Reactivity Feedback (cent)

Fig.18 Sensitivity studies summary



STUDY ON LARGE FBR CORE OPTIMIZATION

TO ENHANCE CORE SAFETY

Takashi KAWAKITA
Sadanori AOI *
Takeshi HOJOYAMA

* Mitsubishi Atomic Power Industries, Inc.,
4-1 Shiba-koen 2-chome, Minato-ku, Tokyo 105 JAPAN

XA0055426
ABSTRACT

A design study has been made on high burnup and large sized FBR cores which
mitigate the consequences of unprotected accidents. The reactivity
feedbacks due to the core radial expansion, the sodium density change and
the Doppler effect have significant influence on the maximum coolant
temperature in the unprotected loss of flow event. The excess reactivity
is also an important parameter for the safety in the unprotected transient
over-power event. As the results of sensitivity analysis, a pancake-shaped
and low power density core concept is proposed which offers effectively
enhanced safety.

1. Introduction

The reactivity feedback coefficients of large Fast Breeder Reactors
(FBR's) are ordinarily less negative than those of smaller FBR's.
Especially, the sodium void reactivity or the sodium temperature
coefficient has an evident core size dependency. Consequently, studies on
inherently safe cores have been performed with particular emphasis on
smaller FBR's. However, in this paper an enhanced safety core concept has
been sought for large FBR cores with mixed oxide fuel by refining a
conventional 1000 MWe FBR core, and the design parameter requirements to
enhance the core safety characteristics of large FBR cores are investigated
by evaluating the effects of the reactivity coefficients on the core safety
characteristics.

2. The reference core design

Table 1 gives the principal core characteristics of the reference core.
For the reference core, a low power density core which has increased fuel

inventory is adopted to accommodate a high burnup reactivity which might
result from an extended operating cycle length. The burnup reactivity loss
of the reference core is about 4.0 %dk/k, which is comparable to that of
conventional one-year operating cycle core designs "

3. Reactivity feedback requirements

In order to define reactivity feedback requirements, a parametric
sensitivity study was performed to evaluate the effect on the maximum peak
coolant temperature during the first phase of the unprotected loss of flow
(ULOF) transients. The maximum peak coolant temperature was limited below
the boiling temperature of sodium.

Table 2 shows the feedback coefficients used in the parametric survey,
and most of these base values are for a typical lOOOMWe FBR core design.
Both the control rod driveline and the radial expansion coefficients are
incorporated in the parametric survey. The base value of the control rod
driveline expansion coefficient was estimated from the control rod
differential worth. The core radial expansion coefficient was assumed to
be equivalent to a half of the core support plate expansion coefficient.
The fuel axial expansion coefficient was conservatively neglected.

The base value of the flow coastdown is set to 10% at 30 second. The
maximum linear heat rate, closely related to the Doppler feedback, is 430

- 1



W/cm in the base case.

The reactivity feedbacks during ULOF calculated using the base
parameters in Table 1 are shown in Figure 1. This figure shows that the
major positive reactivity feedback components are the Doppler feedback and
the coolant temperature coefficients. On the contrary, the negative
components are feedbacks from the core radial expansion and the control rod
driveline expansion, whose magnitudes are not well established
experimentally. These aspects of the feedback components indicate that the
mitigation of the positive Doppler feedback and the coolant temperature
coefficient, which are well defined and physically inherent core
characteristics, is quite significant.

From the results of the parametric survey, it is clear that the non-
boiling criterion can not be achieved by improvement of one parameter only.
Some sample combinations of altered parameters from the base values that
result in non-boiling during a DLOF event are shown in Table 3. The flow
coastdown is the most effective parameter, and the extension of the
coastdown time is very important to fulfill the non-boiling criterion.

It is found through the parametric study that the principal effective
core parameters or the feedback reactivities on the maximum peak coolant
temperature of the mixed oxide large FBR core are; ® the flow coastdown
characteristics of the primary coolant, © the average linear heat rate of
the core fuel, and ® the reactivity feedbacks(the coolant temperature
coefficient and the Doppler effect ).

To enhance safety, reduction of the linear heat rate and the positive
coolant temperature coefficient is essential and reduction of the coolant
pressure drop through the core is also effective to extend flow coastdown,
from the core design point of view.

4. Concept of enhanced safety FBR core

4.1 Coolant temperature coefficient reduction

One approach to reduce the coolant temperature coefficient is to
increase external neutron leakage by use of the pancake core configuration.
A two-region homogeneous pancake core is employed for the subsequent study,
which also has benefit of a reduced coolant pressure drop.

The effects of a change in the core height on the core parameters of
the reference core of Table 1 are examined by six or eighteen neutron group
diffusion calculations in RZ geometry. The core volume in the calculated
cases was determined so that the average power density (W/g) is equal to
that of the reference case. The fuel volume fraction is taken to be about
49% assuming an adoption of the ductless fuel subassembly 2) , while in the
reference case it is about 41% where the ducted subassembly is assumed.

The core height dependency of the the sodium void reactivity is shown
in Figure 2. Although a negative sodium void reactivity would be achieved
when the core height is less than about 50cm, the burnup reactivity loss
becomes extremely large at that core height as shown in Figure 3. The
discussions on the reactivity feedback requirements in section 3. are
focused only on ODOF and the importance of the excess reactivity during an

- 2 -

unprotected transient over-power (OTOP) event has not appeared in the core
requirements so far. Introducing a condition that the burnup reactivity
loss does not exceed that of the conventional FBR design (~3%dk/k during
one year operation), the core height is set to 90cm for enhanced core safety.

To reduce the maximum excess reactivity, the core parameters described
below are employed; ® an increased core volume that is about one and a half
times of the conventional core, and © the ductless fuel subassembly
because of a higher fuel volume fraction and a lower coolant pressure drop.

The coolant, fuel and core support plate temperature coefficients in
different core height cases are shown in Figure 4. It is noted that the
core support plate temperature coefficient becomes more negative when the
core height is decreased. This means the pancake core is expected to have a
favorable larger core radial expansion feedback. It is also noted that the
feedback coefficients of the ductless fuel core in this study are very
similar to those of the ducted fuel core of the same core height.

4.2 Doppler feedback reduction

The Doppler feedback reduction is achievable by change of the Doppler
coefficient and/or the fuel temperature. We have employed a comparatively
large volume core and a smaller fuel of 7.5 mm diameter for the enhanced
safety core intending to reduce the average linear heat rate. As the
results, the average linear heat rate of the enhanced safety core is reduced
to about 190 W/cm, while that of the conventional lOOOMWe FBR design is
about 260 W/cm. The average fuel temperature of the maximum power
subassembly in the enhanced safety core is about 1100 °C which is lower than
the conventional design core by about 300°C.

4.3 Burnup reactivity reduction

As shown in Figure 3, the ductless fuel subassembly is significantly
effective in counteracting burnup reactivity increase associated with the
pancake configuration, because its high fuel volume fraction leads to a
higher internal conversion ratio. In this study, a ductless fuel
subassembly is employed for the burnup reactivity reduction. The core
parameters of the enhanced safety core thus determined are shown in Table 4.

5. Safety characteristics of the enhanced safety core

Preliminary safety analyses for the selected safety core were
performed to check that the the core safety can be kept during the ATWS
events. The maximum fuel and coolant temperatures during UTOP and ULOF are
estimated. In this estimation, the thermal expansion effect of the control
rod drivelines and the core radial expansion effect are considered, in
addition to the fuel, coolant, structure and core support plate temperature
coefficients. A core thermal-hydraulic nuclear kinetic code, HARHO-IN-S,
has been used for the analyses. The parameters used are listed in Table 5.

5.1 Unprotected loss of flow event

The maximum coolant peak temperature is about 990 "C at 110 seconds
after the beginning of the event. According to the Reference 3, the maximum
coolant temperature in the ducted fuel subassemblies during ULOF is
reported to decrease by about 70 °C due to the flow and heat redistribution
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effect. Assuming that the flow and heat redistribution effect of the
ductless fuel core is at least of the same magnitude of the ducted fuel
core, the maximum coolant temperature is estimated to be 920 °C •

Figure 5 shows the core inlet coolant temperatures long time after
initiation of the ULOF event, which are derived from the balance equation
between the reactivity and the coolant temperature, assuming that the
reactivity and the power become zero at the final stage. This quasi-static
temperature has a strong dependency on the fuel temperature and the core
height due to the core support plate and coolant temperature coefficient.
From Figure 5, the quasi-static temperature of the enhanced safety core is
about 650 °C.

5.2 Unprotected transient over-power event

The maximum fuel temperature of the enhanced safety core during DTOP
is about 2,350 °C , as shown in Figure 6, which is comparatively low due to
the low steady state temperature. The maximum coolant temperature is 700°C
at the first peak during DTOP. The reactivity balance is shown in Figure 7.

Although the positive Doppler feedback during ULOF is mitigated in the
enhanced safety core design, the Doppler feedback is still a dominantly
negative feedback component during UTOP, because the Doppler coefficient is
still of the same magnitude as in the conventional core.

6. Conclusion

From the sensitivity analysis, the flow coastdown of the primary
coolant, the average linear heat rate of the core fuel and the reactivity
feedbacks are very effective to enhance safety of large FBR cores for ULOF,

' and low excess reactivity is important for UTOP. The concepts of the
to pancake core, the ductless fuel subassembly and the low power density are
S employed intending to reduce the coolant temperature coefficient, the
I linear heat rate and the burnup reactivity. From the preliminary safety

analyses for the selected core, the maximum coolant temperatures during
ULOF is estimated to be about 920°C , and the maximum fuel temperature
during UTOP is estimated to be about 2,350 °C • By optimizing the core
parameters, it has been shown that enhancement of safety of large mixed
oxide fuel FBR cores is possible.
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Table 1 Principal Core characteristics of the Reference Core

REACTOR THERMAL POWER
CORE TYPE
CORE HEIGHT
EQUIVALENT CORE DIAMETER
FUEL ASSEMBLY
REFUELING INTERVAL
DISCHARGE BURNUP
FUEL RESIDENCE PERIOD

2,600 MWt
2 REGION HOMOGENEOUS CORE
120 cm
350 cm
MIXED OXIDE FUEL
2 YEARS
150 GWd/t (AVERAGE)
6 YEARS

Table 2 Feedback Coefficients for Parametric Survey (Base Case)

Doppler
Sodium Density
Cladding Density
Wrapper Tube Density
Fuel Axial Expansion
Control Rod Driveline Expansion
Core Radial Expansion

-8.5X10"3

5.7X10"6

1.8X10"6

0.7X10"8

0.0
-0.25
-0.36

Tdk/dT
Ak/°C
Ak/°C
Ak/°C

0/ °C
(t/ °C

Table 3 Design Parameters For Non-Boiling Cases
Parameters Case a Case b

Doppler Coefficient 85%" 70%"
Coolant Temperature Coefficient 85%" 60%"
Core Radial Expansion Coefficient -0.18 0 / TC -0.18 i I °C
Control Rod Drive Line

Expansion Coefficient -0.09 t I °C -0.09 I I °C
Linear Heat Rate 75%" 100%"
Flow Coast Down 120 s ?' 120 s 2>

1) relative to the base case 2) coastdown time to 10% flow
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Table 4 Core Characteristics for the Enhanced Safety Core

I
CO

Reactor Thermal Power
Core Type
Core Height
Equivalent Core Diameter
Fuel Assembly

Pu Enrichment(Inner/Outer)
Fuel Pin Diameter
Refueling Interval
Fuel Residence Period
Discharge Burnup
Burnup Reactivity Loss
Maximum Linear Heat Rate
Breeding Ratio

2,600 MWt
2 Region Homogeneous Core
90 cm
365 cm
Mixed Oxide Fuel,
Ductless Type
13.0/18.4 wt.%
7.5 mm
2 Years
6 Years
150 GWd/t (AVERAGE)
2.6 %dk/k
320 W/cm
1.16

Table 5 Input Parameters of the Enhanced Safety Core
for ATWS Calculations

Doppler Coefficient
Coolant Temperature Coefficient
Core Radial Expansion Coefficient
Control Rod Driveline

Expansion Coefficient
Linear Heat Rate
Flow Coast Down
Reactivity Insertion (TOP)

-1.2X10"2 T • dK/dT
1.0xl0~s AK/°C

-1.0X10-5 AK/°C

-8.0X10-8 AK/°C
190 W/cm

120 s (time t o 10% flow)
500 (30 Is)

Cladding Density y<

Control Rod Driveline Expansion

Total

-0 .006-

Radial Expansion

BO 100 150

Time (s)

1
200

1—I 1—I—1—I—1

250 300

Fig.1 Reactivity Feedbacks During ULOF

(Base Case).
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