i

The evaporator would be installed in quench pool, the condenser be
installed at same level as quench pool. (That is H=25m)

By above results, we realized as follows.
° The containment vessel is smoothly cooled at LOCA.

° Cooling capacity is stepped up by increasing the height(H).

CONCLUSION
The preliminary analysis of MITSUBISHI SIMPLIFIED Small PWR(MS SERIES)
for decay heat removal system using quench pool and heat pipes is
introduced as follows.

a. Short Term Decay Heat Removal System

Small-size containment peak pressure may be able to reasonably hold
down under 3 kg/cm2 (43 psig).

b. Long Term Decay Heat Removal Syscem

Long term cooling may be able to achieve by heat pipe systems.

Thetrefore, we realized that this basfc concept may be adequate.

DESIGN IMPLEMENTATION OF AST-500 a
PASSSIVE SAFETY PRINCIPLES
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V.A. MALAMUD, F.M. MITENKOV, Q.B. SAMOILOV
GKAE,
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Abstract

In the report are considered design decisions related
to realization of passive system principles in AST-500
(nauclear district heating plant) for nuclear district heat-
ing plantsg being in construction and under design in the
USSR. High safety-related requirements predetermined a wide
application of passive means for accident prevention, pro-
tection and reatrictions of accidents consequences. Inherent
reactor safety, passive protective and isolating systems and
devices are referred to the means of this type.

In AST-500 plant an improved safety level was shown
to be achieved on account of these means and there are pos-
aibilities for further improvement.

1. INTRODUCTION

The concept of promising resctor units of improved and
maximum achieved safety developed in the USSR is a complex
of engineering measures preveniing yield of radioactive pro-
ducts beyond protective and isolating voundaries not only
at normal opera‘ion and in design accidents but in severe
out-of~design accidenta. Hereat, a sct of emergency situati-
ons and accidents 1s determined with regard for probabilis-
t%tic approach and severity of potential consequences.

The most% important trend of asafeiy improvement is use
of pagsive principles based on application of
propartias of inherent safety,
selevy~-related passive and isolating systems aud devi-
ces
! natural, separated pnysical boundaries on the way of
radloactivity relesge.

Pagsive means are expected to be independent from power
sources, personnel action; they do not require switching on
and execute action on the basis of natural phenomens.

The indications sperified are available in the decisions
gqnsiderad further both in a set and in separate manifesia-
ions.
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Specific character of AST siting requires additional
safety-related requirements reflected in national regulati-
ons. They involve requirementa for prevention against fuel
element melting in case of loss-of-sealing of any vessel
of the reactor plant with regard for external effects such
as airplane crash and shock wave; requilements for radiati-
on exposure become more strict.

In connection with it maximum use of natural physical
phenomena and passive systems, application of direct-action
devices, designing according to the fail-safe principle are
laid down into design basis.

Safety analysis of AST-500 plant confirms meeting of
safety requirements with engineered and economically substan-
tiated margines; the requirements to prevent core destruc-
tion are also included., “his is related to the full extent
%o AST bveing in coanstructiomn.

Hereat, gafety-related investigations have been perfor-
med also for out-of-design accidents with a great number of
additional failures as well as for emergency situations and
accidents ?3 h probability of origination of leas than
105 -~ 10~10, Por promising plants are found out posgibili-
tiestto intensify quality and properties of "forgiving"
reactor,

2. MAIN DESIGN DECISIONS AND PROPERTIES ENSURING
AST-500 PLANT SAFETY

2.1« Main design decisions (see Fig.1,2)

Water-cooled water-moderated reactor:

integral lay-out

great water inventories

natural circulation for all conditions

low parameters :

low specific power Intensity of the core and fuel

low fast neutron fluence to the reactor vessel

heat removal principle of the reactor pro.sction
against pressure increase

minimum branching of the primary circuit

Protective veasel

tightneas
operating pregsure is held by the eccident with reactor

loga-of-aealing

value of inner volume prevents againat core drying

PRI IRV S S W O

reactor vessel
protactive vessel

core

8 - unit of tubaa and devices
9 - coxe harrel
10~ secondary pipaelinas

primary and secondary heat axchaager 11« turning device

steam/gas pressurizer
tie~rod tubes
rising section

12- CPS drives
1J= biological shielding unita

14~ supporsing ring

FIG. 1. Reactor unil,
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3) active injection of fluid absorber (boric acid);
4) passive injection of boric acid, see Fig.4 ;

5) self-restriction of power in the tight "hot"
reactor;

6) self-shutdown of the unsealed reactor with steam
generation in the core.

3.2. Fuel cooling:

1) long-term acrumulation of residual heat by the cool-
ant and metalworks or circuits;

2) active heat removal into the emergency shutdown
cooling system in the secondary loops at active system
connection;

)
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FIG. 4. Means affecting reactivity (CPS fluid system).

3) pagsive heat removal into the emergency shutdown
cooling system (ESCS) at constantly introduced channel in
the secondary loop as well as at usage of direct-action
devices for connection of other ESCS channels, Fig.7.8

4) passive heat removal via secondary pulse safety
devices of direct action (Fig.5);

5) passive heat removal through the reactor emergency
shutdown cooling channel at its connection with the help of
direct-action device;

6) long-term pagsive heat removal at water evaporation
from the reactor;

7) active heat removal through heat~-exchangers of pri-
mary purification system.

N NN
| st |
openin, o ‘S £ :-j_
it B 7 NE RN 1
. No| BN
N —— — e —
A- § -I ~ ~ =1
. ‘ll L "
rdalabion / \ ]
winding J ]

=lj 3 k o
N ATRIUre Drbienps
it !
\ % %_ I I
74{ : flif MCR RCR

4 il \ remole remole
4 N , Contred )
S It ) J primary preture : Con Iro,
N = Plek-ups

l

\
Lo )

J FIG. 5. Schematic diagram of PSD control.
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3.3. Isolation of radiocactive products and decrease
of emergency radiocactivity excursion (see Fig.6):

1) "cold" fuel on the basis of U0,;

2) fuel element claddings;

3) tight reactor with the great safety factor;

4) protective vessel;

5) intermediate circuits designgd for primary pressure;
6) tight spaces; reactor concrete pit;

7) bubbling of emergency effluents prior to their
release into the containment volume;

8) containment with filters;

9) reduced activity of accident effluents on account
of the core keeping under the water level.

Thug, safeguards envisaged by the design are bhased on
preferable use of passive principles of protection and inhe~
rent properties of the plant, separation of protective and
isciation means.

Application of direct-action devices and passive compo~-
nents improve the reactor plant protection against common-~
-mode failures, including inside and outeide effects and
personnel errors.

4. PASSIVE AND DIRECT~ACTION DEVICES (self-operation)

4.1, Floating of the drive rack with CPS control member
at loss~of-sealing of the primary circuit ias prevented in
passive by exceeding the control member weight over buoyancy
force arizing at loss~of-sealing of CPS drive casing within
the range of pressure restricted by protective systems.

. ‘Besides, overrunning clutch operating by angle wedging
principle is provided iIn the design of the drive.

4.2. Direct-action emergency protection

This device provides a reliable comnection of EP at

«direct effect of mode parameter - emergency primary pressuxe

eXcess. Principle of bellows movement is used in the design.
This device is a redundant ome operating under out-of-design
emergency situation of EP non-operation on control electric
?%fna%g and adjusted againat them by -operation setting
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atmasphere. —————r— -

1
bubbler .
coaling 1 = '
e oy
ventilalion
uc _Mc
<
L )
i
ttaaadd
.! -
Avent tube : E’E ‘J eontasnment--|
hyatolock I
~ . H
KR IR
B ESE 1 ‘(: RN
s ; : HER
P U [
<% arim IS R 4
. 4 /mh%«vnh'm c
; 4 l.syu’un _rz
s alower  filters '5 ! r
| B ———|

FIG. 6. Means of radioactivity blow-offs attenuation.

4,3. Solenoid valve in the emergency heat removal
system

‘Solenoid valves are used to increase reliability of
putting ESCS into operation by the initial cause of emergen=-
cy situation-de-energization. Ioss of electric-supply bring-
ing about oessation of heat removal into the system simulta-
neously it results in de-energization of ESCS solenoid
valves and their opening on account of force of compressed
spring (see Fig.7).

4.4, Direct~action device for ESCS connection

Thig device provides a reliable operation of pneumatic
valves of safety systems at direct action of mode parameter-
variation of pressure causing bellows movement. This device
is a redundant one and operates at failures of electric
system for valves control and adjusted by operation set-
ting (Fig.8).
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4.5. ESCS passive channel in the secondary loop

In addition to ESCS channels comnected to the secondsary
loops at valves operation, analogous ESCS channel is pos—
sible to be used, the latter has a constant hydraulic con-
nection with the secondary loop.

Hereat, a developed circulation is kept in the channel
under all operating oconditions of the plant with desired
use of the heat carried out into ESCS.

4.6. ESCS passive channel in the primary circuit

ESCS paagsive channel in the primary circuit provides
a long-term (> 12h) removal of residual heat under the
steam/condensate conditions over the primary circuit at
evaporation of cooling water inventory under the containment.
Reactor pressure drops together with channel connec-
tion due to gas component evacuation from the reactor.

4,7« Device for comnection of ESCS passive channel
in the primary ecircuit

Various versions of the device design are possible.
This device conmnects in passive ESCS channel in the primary
circuit along steam/condensate path at direoct action of
mode parameter - reactor pregssure growth. Operation setting
of the device is adjusted againast the value of the reactor
operating pressure and the value of connection setting of
other channels of emergency heat removal. Putting into ope-
ration of the channei restricts the reactor pressure by
value ~ 0,45 P ngg;ate (Fig.5).

4.8, Limiter of primary medis outflowing

In the intake pipeline of purification system is pro-
vided a pasgive device reducing water losses from the reac-
tor in the accident with the specified pipeline break
outside the boundaries of protective vessel. This device
is an additional protection line with respect to failure
of double quick-isolating valves of the primary circuit.
At direct action of mode parameter - lavel lowering in
the reactor (remaining much above the core) water outflow-
ing from the reactor transfers into steam-water ome and
then into the steam one. The core is kept under the water
level more than 12 hours without reactor makeup.

4.9, Pulse-safety device in the secondary loops (PSD)

PSD is an additional separation line (in respect to
heating system, normal shutdown cooling system, ESCS) that
realizes prinziple of heat removal of the reactor protec-
tion ageinst{ pressure excess with implementation of rigiad
thermal bond between primary and secondary circuita: PSD
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operation and secondary medium discharge is caused by direct
action of mode parameter - emergency growth of the geconda-
ry pressure; at unique bond of emergency increase of pres-
sure and temperature in the reactor with secondary pressure
end temperature under situations with postulated cessation
of heat removal (into heating system, normal shutdown
cooling, ESCS) (Fig.5).

4.,10. Protective vessel

All-metal protective vessel is a passive device of
isolating and protective safety systems, The size of gaps
between the protective and the reactor vessels doesn't
exceed the value whereat is secured the core under coolant
flooded in emergency situations with logs-of-sealing of
the primary circuit,

Simultaneously arrangement of equipment and instru-
mentation for vessel metal control in this gap is being
digcussed.

Protective vessel is designed for pressure arising
in emergency situations with loss~of-sealing of the reactor
vessel by maximum possible cross-section.

Pogsibilities for creation of combined protective
vegsel with all-metal upper part and concrete metal lower
part integrated in design and function with the reactor
shaft are also being astudied.

5.MAIN RESULTS OF SAFETY ANALYSIS

5.1, At normal, operation radiation exposure from AST is sig-
nificantly (I0* times) lower than the level of natural back-
ground effect (absense of leaks and discharges, tightness

of circuits, low neutron fluxes ‘outside the reactor vessel
boundaries).

Complex of physical-and-engireering peculiasrities and RP
inherent properties (discussed above) ig aimed at prevention
of accidents.

In design accidents safety is secured during continuous time
(more than one day) without power consumption and without
perasonnel action with implementation of passive devices and
reactor shutdown systems, emergency heat removal, isolation
of radioactive products.

In out-of-design accidents with failure of redundant safety
gystems the core destruction ig prevented due to properties
of inherent safety of the plant, operation of redundant
passive devices with direct action, corrective personnel

actions related to introduction of redundant safety systems
Sgith ti?e regerve for their connection being more than
hours).

The gtatements above said are highlighted by the examples of
the most severe out-of-design emergency situations agg
accidents. Approachea to working out the list of out-of-de-
sign accidents, gelection of boundarieg with regpect to the
nu:ber of failures are being coordinated with IAEA recommen-
dations.

5.2.Emergency situations pertained to interruption of heat
removal from the primary circuit.

Protective ability of the plant due to its inherent proper-
ties is manifested alsc in heat removal emergency situa-
tiong.

Heat storage capacity of the reactor, the secondary and
heat circult serves as the first line in such situations.
Redundant three-channel ESCS system in the secondery loops
is connected, as it wes specified, with high reliability
and gecures lowering of parameters in the reactor with
pagagive functioning of at least one channel. Time of passive
heat cremoval without persoanel interference -~ more than

24 hours end with regard for make up of ESCS tanks is
unlimited in time, Reactor pressure during emergency process
does not exceed I,I Py OPerating,

Residusl hest removal aystem through PSD in the secondary
circuit serves as a redundant one. 50% of PSD provide the
rractor shutdown cooling, hereat, resctor pressure duriggé
the whole emergency process doesn't exceed 1,4 P, OPeTa8iing,
Time of pasgive heat removal without personnel interfe-
rence is 12 hourg and with regard for make up of the secon-
dary loops is unlimited in time,

Additional redundant ESCS channel in the primary circuit
secures its long-term pesssive cooling (more then 12 hours
without making up the cooling wster tenk, it is unrestricted
in time with regard of its mskeup).

Hereat, its pressure in the reector is restricted by value of

0,45 Pyitimate where Pyltimate ~ collapsing pressure from
evaluations of ultimate strength characteristics of the

‘reactor.

With regerd for redundency and separation of emergency hest
removael channels, high relisbility of their comnection,hyd-
raulic and spetial independence, protection egainst cormon-
made feilures (externsl effects snd personnel errors sre
included), considersble time reserves (more than one day)
to perform corrective actions, emergency situation of comp~
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lete cessation of residusl heet removal from the reactor
fails to be technicelly realized; hest remcval emergency
situations do not develop within loss-of-coolant eccident
end haven't rediation consequences.

5.3. Cesgation of heat removal into the heating system with
postulated EP feilure,

This emergency situation is comsidered to highlight inherent
properties of the plent, whereas complex«? design decisions
implements it inio the category of technicelly unrealized
ones,

Emergency situation with cessation of heat removal into
hoating system at postulated EP nonoperation is perteined

to primary ecircuit heating-up and increamse of Py pressure

in spite of ESCS channels connection and PSD operation in
secondary loops. Reactor power decrease happens gimultaneous-
ly due to negative reactivity coefficients, Stabilization of
parameters occurs at the reactor pressure level ~ 4,2HPa

end power level -~ 0,1 Fpom.

5.4. Emergency situstions with insdvertent reactivity inger-
tion.

5.4.1, In design emergency situations with additional reac-
tivity insertion gtipulfizted by cooclant cooling in the core

or jinadvertent withdrawal of simultaneously moved CPS mem-
bers, neutron power does not exceed the setting of preventive
protection operation.

5¢4.2. OQut=-of-design emergency situations with primary coolant
cooling proceed cloge to the design ones.

Anelysis shows that technically unreslized sgituation with
superimposing of simultsneous EP failure do not transfer into
gccidents with loos-of-coolant from the reactor and radias-

tion consequences, This is attributed to inherent reactor
properties ( self-control of naturel circulation flow rate
is proportiomal to power, sluggishness of cooling processes).

5¢4.3. Out-of~-design emergency situations of inadvertent
withdrawal of CPS membersg.

Value and rate of pasitive reactivity ingsertion is restricted
by design decisions both with remote and autometic control
(posgible quantity of simultaneously moved CPS operating
members is resticted),

High reliability of emergency protection is improved by use
of passive ©breakers of power supply of CBS drives that per-
mits to characterize emergency situations with insdvertent '
withdrawal of CPS opersting members without EP operstion as
technically unreslized,

EP operstion excludes transition of similsr emergency aitua-
tion into loss-of-coclant sccident and radistion consequences.

Nevertheless, the specified tfechnicelly unrealized emergency
situation 1g considered in analysis of the plant safety
showing the fulfilment of safety provisions on account of
inherent properties of the reactor.

5.5 Primary circuit loss-of-sealing accident.

£.5.1. In safety analysis are congidered mccidents with
reactor vessel losgi-of-sealing, ruptures of primaery pipelines,
intercircuit untightness of primery and secondary heat
exchangers, etc.

Design accidents of yrimary circuit logg-of-gealing in con-
nection with availability of protective vessel,iseclating
valves on primery pipelines in the protective vesgsel, counter-
pressure from the sgecondary side proceed with the core kept
sbove coolant level.

Reactor makeup is not required. Radistion conditions do not
exceed limits set for normal operation conditions.

5¢5.2. Loss-of-gealing of the reactor vessel in the lawer
part wivn untight protective vessel is looked upon ags out-
of-design sccident. Louwer part of the reasctor and protective
vessels haes no pipelines with the exception of air removal
duct from the protective vessel lower part. Dy5 reducing
device &nd double isolating valves are mounted on the air
removel duct. In consideration of the sccident, valves are
essumed to stay open and heat removal is performed by ESCS
system. During continuous time (not less then 12 hours) the
core is kept under the coolant level (see Fig.9) without
eany measures for accident eliminetion.

Accident elimination measures. involve  velves closing,
reactor make-up and shutdown cooling, opening of blow-off
from the reactor.

545¢3. Out-gf-design accident with purification system
pipeline rupture (meximum blowdown cross-section) at double
isolation valves failure to close. Additionslly heat removal
is assumed to be performed from the reactor vie incomplete
number of ESCS channels., This accident is characterized by
meximum losgs-of-ccolent from the reactor. Hereat, time during
which corrective actions are to be performed (reactor make-
up %o ?eep the core under water flooded) is 24 hours (see
Mg.I0).

5.5.4. Accldents with the primary circuit loss-of-sgesling
mith EP feilure accompanied are practicslly excluded,
Tevertheless, safety provision on account of inherent plant



3¢S sgnats properties in gimiler technically unreslized sccidents has
r - been analyzed, Hereet, it was shown thet due to negative

;";ﬁw steam coefficient of reactivity the core transfers into
T o—— subcriticel state; the core is kept under coolent flood;
— the reactor stays in sefe state during continuous time (not

less than 12 hours).

Trangition of the reactor into the cold state mey be accomp~
lished on asccount of boric acid solution supply, edditionnl
nake-up and complete shutdowm cooling.
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ULTIFATE STRERGTH CHARACTERISTICS OF THE RTACTOR
AND PROTECTIVE VESSEL

Hypothetical accidanta wherein reactor parameters zay
go beyond the limits of deagign values require azalyses of
ultimate strength characteristics of the reactor and protec-
tive veasel., Analysis of stress-strain gstate of the reactor
vessel ghowed thut {n the course of operatlon appearance and
grovth of fatigue cracks are excluded. Calctlationas of car-
rying ability of the reactor vegael with postulated initiael
flaw of 0,1 8 depth gives the following: flaw development
to 0,25 5 is possible only on the basls of rather great
/4.10%/ number of cyclea of "deep” /from O %o 2,3 MPa/ vari-
ation of opernting presaure incomparable with auaber of
eycles of any variation of pressures expected during the
whole service 1ife of the reactor plant., Purither cyclic
loading results {n realization of criterion “leak before
broak”. Vesasel in untight state is capadle %o withstand
& great number of losding cycles /41077, Heraat, ultimate
gize of vesgel untightness doean't exceesd Dy 45,

During postulation of unlimited preasure growth it
was obtained that auxiliary equipment and pricary pipelines
are more strong than the reactor veéssel,

Evaluation of ultimate posaibilisisn of i%e reactor
vegsel shawed that its "weak glement s a cylindrical shell
in the lower part, its minimum thickneas equals 50 mm,

Value of destructive presgure determined Zrom the con-
dition of reaching ultimate strength by atregses at 1%
minicum value within the range of variation of veassel mate-
rial mechanical properties, smounts to P, = 1! Mra.

Conglderation of poatulated "standard” flawx diminishes
deptructive pressure to Pp a 8,4 MPa.

Deatruotive pressure for main joint studs at ainimum
values of mschunical properties amounta to P_«'6 MPa
(upper joint) and P = 15 MPa (lower joint). Prapgile atres-
oes 1u the studs rofch the yield point at Py « 1)-14 MPa,

Ultimate pressures in the veasel whereat the Joint
tightnegs is preserved are evaluated by the results of
hydrotests of the head reactor vVessel as well ag of bench
tests of the upper joint:

P, = 4,2 MFa - for the lower joimt

2y = 5,0 YPa - for the upper joint, ,

Ulticate parameters of the protective veasel are charac-
tarized analogously by the following parameters:

Pe = 3,1 ~ 3,5 MPa -~ for "defeoi-fres" vessel,

Pye = 2,8 P2 - ﬁﬁ'pmt"“v' vessel with "standard"”

Prosaure of 1ts jolnts opening ars avaluated by test re-
sults of the head unit!

P « 1,5 MPa - for lowsr joint

Py = 1,46 ¥Pa ~ for upper joint.
Thus, joints of the reaotor and protedtive vesasel play

the role of safaty valves in conasideration of aypothetical
accldents.

Stean blaeding through joints of the reactor and protec-
tive vessel with flaw rate equal t0 steam rated capacity of
the core on account of residual heat reaults i3 pressure
Lnitation in the reactor and protective veaael.

FIG. 14. (cant.)



6. CONCLUSIONS

In AST-500 reactor plant for nuclear district heating
plants being in construction and under design are realized
design decisions which permit to use widely the passive
principles of safety assurance. The reactor plant is charac-
terized by such properties of inherent safety as self-re-
striction of power (due to negative coeffiolents of reacti-
vity), increased heat storage capacity, sluggishness of
accident conditions, low level of activity in the fuel ele-
ment, slow development of flaws, etc. Properties of inherent
safety in combination with application of passive protection
and isolation systems and componenta permit to realize
self-provision of the plant safety during long-term '"period
of non-interference",

Deaign materials highlighted that accident with core
destruction for the plant of such type is technically unre-
alized event.

Thus, in AST-500 plant is reached improved safety

level that permits to site nuclear district heating plants
in the vieinity of town.

o ’13‘2,

SYMBOILS ACCEPTED IN THE TEXT

AST = nuclear district heating plant

CPS = control and protection system

ESCS = emergency shutdown cooling system

NCS
'
P3D
oM

EPP

MCR
RCR
SCS
HTL
SP

PP
RC
AR

uc

MC
ACPR

normal cooling system
protective vessel
pulge-gafety device
operating membex

emergency protection
emergency protection panel
low-frequency transducer
main control room

regerve control room
Bafety control systems
heat tranafer loop

steam pressurizer

heat removal system
preventive protection
remote control

automatic regulation
neutron £lux monitoring equipment

low cavity
upper cavity

mixing chamber
automatic change over to power reserve



