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ABSTRACT

The conceptual design of the 300 Mée sodium cooled fast breeder reactor Na-2;
presented in this paper, is the result of Jjoint efforts of the Nuclear
Research Center Karlsrune, assoclated with Duratom, and the industrial group
Siemens~-Interatom. The main features of the design will be described. Emphasis
will be laid upon the safety related deslgn aspects. The results of the ana-
lysis of typical reactivity insertions and coolant system failures will be
given. The potential consequences of severe nuclear accidents are analysed
and the contalnment capability of the design chosen is demonstrated.

#) Work performed within the framework of the association Euratom - Gesell-
schaft fir Kernforschung mbH. in the field of fast breeder development.

®x) Institut fir Angewandte Reaktorphysik, Kernforschungszentrum Karlsruhe




INTRODUCTION

1.1

1.2

Following the conceptual design study of a 1000 MWe sodium cooled fast

(1’2), the German fast breeder program has concentrated

breeder reactor
on the development work for a 300 EWe prototype reactor (3‘4). The con-
ceptual design presented in this paper is the result of a joint effort
of the Nuclear Research Center Karlsruhe and the industrial group

Siemens-Interatom. The prototype reactor is scheduled for commitment in

1969 and for completion in 1973.

A rather conservative approach 1s taken both in the safety evaluation

and engineering layout to account for incomplete knowledge in the flelds
of engineering, safety and physics. Nevertheless, the prototype reactor
will be typical of a future 1000 MWe unit in most respects and is espe-

cially aimed to provide the technological information for the construction

of a competitive large scale power plant by the end of next decade.

The following main characteristics and performance data were chosen:

Core and Reactor Vessel

Mixed oxide fuel pins of 6 mm O.D. and 95 om active height are
bundled in hexagonal wrapper tubes. The coolant flows upward in
parallel through the two zone core and the blanket. The rating is
approx. 1 MWth/kg of fissile materiasl and the total breeding ratio
is 1.24. The thermal power is 730 MW to produce & net electrical
power of 300 MW.

Coolant System

The main coolant system consists of three identical parallel sub-
systems with two sodium loops in serles. A loop design was chosen
for the main primary cooling system. Reactor cutlet temperature is
560°C yielding a steam temperature of SIOOC. Two natural convection
coolant systems are provided for backup core cooling at shutdown.

Safety

Because of the first-of-a-kind characteristic of the prototype
reactor a high degree of conservatism 1s applied in the safety



assessment. However, in the nuclear design no drastic modification
such as pancaking, modular core arrangement or spectrum softening
was employed. The additional safety mergin will rather be gained by
adding consequence limiting safeguards against the most extreme
acoident aituations. Double containment was provided. The design
ensures that the integrity of the containment is not impaired by
accidents involving nuclear, thermal or chemical reactions. Loss of
soolant from the core iz eliminated even in the case of a major
pipe or vessel rupture. lLong term decay heat removal from the fuel
is by natural convection. The reactor is inherently stable with
reapect to reactivity perturbations.

This paper will give only a brief description of the design and will
congentrate on the safety assessment of this reactor.

DESCRIPTION OF MAIN DESIGN FEATURES

Core and Reactor Vessel

2.1 The fuel pin diameter is 6 mm 0.D. with a .38 mmn thick stainless steel
cladding. The fuel pin consists of (starting at the lower end) a 65 cm
fission gas plenum, 40 cm lower axial blanket, 95 em active fuel column
and a 40 cm upper axisl blanket. The fission gas plenum is located
below the core, because first, due to the lowser temperature at this point
there is a saving of 20 om in overall fuel element length, and secondly,
thermal stresses and bowing from radial temperature gred ents across the
fuel assembly are considerably reduced. The potentiel release of fission
gas bubbles after rupture of the canning iz not expsctsd to cause sevsrs
gafety problems (5) . A smeared fuel density of 80 °/o was selected to
account for burnup swelling up to a maximum burnup of 85 000 MWd/t. In
the reference dssign full pellets of 85 °/o theoretical density were
chosen. However, dished pellets or cored pellets may be used if they
show better performance. 169 fuel pins are positioned by honeycomb grids
in hexagonal wrapper tubss of 110 mm across fiats. This fuel assembly
is smaller than would be desirsble for a 1000 MW plant. The size was
chosen as a compromise with respect to thermal streasses and forces,
fueling time, improved thermal psrformance by more accurate adjustment




2.2

2.3

2.4

of coolant flow toc power profile and available test rigs. The smaller
size fuel elements are also advantageous with respect to the reactivity
to be handled by the fuel charge machine. The minimum distance between
fuel pins is 1.9 mm. The core arrangement is shown on figure 1. The
inner zone of lower enrichment fuel contains 78 fuel assemblies and 6
control elements, namely 2 regulator rods with less than 1 g each, 2
safety rods and 2 shim rods. The outer zone conteins 72 fuel assemblies,
6 safety rods and 6 shim rods. The central position of the core is reser-
ved for special in-core instrumentation. The core is 95 cm high and

153 cm in diameter. It is surrounded by a 50 cm thick radial blanket.

Physics calculations were performed with one~ and two-dimensional codes,
most of which are part of the Karlsruhe nuclear code system NUSYS. A

26 group cross section set developed at Karlsruhe was used (6). The main
physics data are listed in Table I.

Because of the uncertainties in the calculation of the sodium void
reactivity a maximum value of 6 8 was used in the safety analysis rather
than the calculated value of 4 8. The requirements on reactivity control
were established to about 40 8 to accomodate reactivity swings from cold
shutdown to full power, burnup, reactivity perturbation and shutdown
margin, including one stuck rod.

The main thermal-hydraulic data are listed in Table II. Depending on
burnup, the radial blanket will contribute about 4 to 10 percent of the
total thermal power. The end of life average temperature rise in the
blanket was limited to 150°C in order to prevent excessive thermal bowing.

Various refueling intervals were analysed as to their influence on
physics, thermodynamics and economy. Since it does not seem appropriate
to fix a certain fuel cycle at this time, the design is such that any
fuel cycle time between 1 year and 3 months can be realised according to
the contemporary circumstances. At present, & 6 months refueling period
is used as a reference. In the blanket residence times will be between
4 to 15 years depending on local flux level.

Special emphasis was laid on providing a precise and reproducible core
geometry. In particular it was considered essential that the core



subassemblies are fixed radially in an upper and lower grid plate so

that bowing of individual subassemblies will not affeat the overall core
geometry. In the reference design (£ig.2) the fuel element is supported
by the lower grid plate. The hydraulic forces of the coolant are balanced
by means of individual low pressure chambers below each element. The top
of the fuel assembly is positioned radislly in the upper grid plate which
itself 1s supported horizontally against a rigid steel cylinder surroun-
ding the radial blanket. Inward bowing of the fuel assemblies is preven-
ted by wear faces attached to the outside of the wrapper tubes in order
to ensure the inherent stability of the reactivity feedback.

Besides its primary function of supporting the top of the fuel assem-
bliea the upper grid plate also serves as a positive stop agasinst fuel
element ejectlion from the core following failure of the hydraulic hold-
down, It also guldes the control rod drives with respect to the core to
ensure safe reactor shutdown during horizontal earthqueke loading.
Temperature sensors are provided above each fuel element position for
monitoring the coolant outlet temperature of each fuel element indivi-
dually. To prevent inadvertent 1lifting of fuel assemblies upon removal
of the upper grid plate a strip off plate is provided as an integral
part of the grid plate. Sweep arms are also provided to check the com-
plete separation of the upper grid plate and the fuel elements before
the upper grid plate will be swung away for refueling.

Surrounding the radial blanket and cutside of a steel neutron shield
there is a clrcular arrangement of spent fuel storage positions for more
than one third of the core loading. The steel shield serves to limit the
fission rate in the spent fuel storage annulus. Additional shielding is
provided between the fuel and the vessel to reduce the fast neutron

dosage to below 5 - 1021 nvt durling the lifetime of the plant.

Coolant entry is through the bottom of the reactor vessel. This facili-
tates a rather simple design of the vessel 1nterﬁals s8ince 1t eliminates
a flow divider siirt between cold and hot godium and the safety problems
related to it. Besides there are no hot nozzles in the cold part of the
vessel wall and vice versa. The reactor vessel is approx. 5.2 m in diame-
ter and 15 m high.



For removal of spent fuel from the core and replacement with fresh fuel
a gystem of three rotating plugs was chosen. Two fuel transfer mecha-
nisms are installed on the smallest one of the three plugs for in-vessel
fuel handling. Transfer of fuel and blanket elements into and out of

the reactor vessel will be by & separate machine through the fusl trans-
fer port in the large rotating plug. With this system a high degree of
flexibility and short fuel handling times can be achieved.

Coolant System

3.1

3.2

The main coolant system consists of 3 identical subsystems which are
completely independent except for the common point of the reactor vessel.
A schematic of the system 1s shown on fig. 3. Each subsystem consists of
a primary sodium loop, a secondary sodium loop and a2 steam loop in series.
Each of the secondary sodium loops includes three steam generator-super-
heater units and one reheater in parallel. Steam conditions are 171 atm
and 510°C at the turbine stop valve. The steam generators are of the
vertical, single wall, once through type with free sodium surface and
tube sheets in the covergas. Rupture discs are provided for NaoHéo

reaction pressure relief.

The secondary sodium coolant pumps are located in the cold leg of the
secondary loop. The sodium/sodium heat exchangers are located inside the
containment building with the primery scdium on the shell side and the
secondary sodium on the tube side. With this deslgn the best protection
against both damage from sodium-water-reaction pressure pulses and heat
exchanger tube rupture after a severe reactor accident can be achieved.
Pig. 4 shows a schematic of the primary coolant system. The primary sodi-
um pumps are in the hot leg of the primary loops in order to provide

the required net positive suction heed at the pump inlet without the need
of pressurizing of the reactor cover gas. Thermal expansion of the piping
system is compensated by appropriate three dimensional layout. A thrott-
ling valve 1s provided in the cold leg of each primary loop in order to
facllitate flow control after pump shutdown. Normal flow control will be
by pump speed variation. A pony motor is provided for each pump with
backup connection to the emergency power supply. Decay heat removal from
the reactor after shutdown wiil normally be by the main coolant loops.



3.3 In case of loss of power to all pump motors the auxiliary coolant system,

consisting of two identical subsystems, will provide shutdown cooling
of the core by natural convection (fig.4). The heat is transferred to

a natural convection NaK loop and finally dumped into the air. Reverse
flow at reactor operation in the auxiliary sodium loops is prevented by

check valves.,

The auxiliary coolant system is especially designed to remain operable
even after rupture of the primary coolant system including the reactor
vessel and the auxillary coolant system itself. This is achieved by
minimizing the vold volumes in the reactor cavity and in the component
cells and by providing Na-reservoir tanks which would drain by gravity,
such that the core and the entire primary part of the auxiliary coolant
system will always be covered by sodium.

Containment

Fig. 4 shows schematically the layout of the reactor containment. Its main
characteristics are the blast shleld, a double containment barrier and full

leakage control.

4.1

4.2

The blast shield which completely envelopes the reactor vessel is designed
to" accomodate all primary effects of the design basis accident. Shock
wave energies corresponding to the detonation effect of up to 250 kg TNT
can be absorbed by plastic deformation of structural material without
loading the concrete walls of the reactor cavity. Water hammer effects
are eliminated by avoiding a free sodium surface below the rotating plug.
The rotating plug and its holddown mechanism are designed for a pressure
exceeding the burst pressure of the reactor vessel. Thus, any pressure
buildup in the vessel would be released into the resactor cavity prior to
failure of the plug.

The concrete structure which houses the reactor and the primary coolant
system forms the inner containment barrier. It is designed for 2 atm
internal overpressure. The design leak rate is 50 O/o of contained volume
per day. The heat exchangers, namely the walls between primary and
secondary sodium, apparently are the most vulnerable parts of the inner




containment barrier. However, we feel confident that no strong shock
waves would reach the heat exchangers after having travelled all the way
through the coolant system piping. Water hammer effects cannot occur be-
cause there is no free surface in the heat exchanger and, finally, the
exchangers are designed for a pressure exceeding the burst pressure of
the reactor vessel. Thus, Iif any failure would occur it would be in a
place where it would not viclate the integrity of the containment. The
atmosphere in the inner containment will be of low oxygen and water con-
tent to eliminate the possibility of a sodium fire.

4,3 The outer containment barrier i1s a conventional low leakage steel building,
approximately 50 m high and 35 m in diameter. Design conditions are 2 atm
overpressure, 250°¢C temperature and a leak rate of 1 o/o of contained
volume per day. These values of design pressure and temperature are based
upon the analysis of a large pool type sodium fire inside the containment.

4.4 The outer contalnment is swrrounded by a 50 cm thick concrete cylinder
as a shield against direct radiation from radiocactive material contained
in the building following a severe accident. This concrete cylinder is
covered by a leaktight steel roof. The air gap between the steel contain-
ment and this concrete cylinder is connected to a filtering and exhaust
system, thus providing means to control any leakage of radicactive mate-
rial out of the reactor building.

ACCIDENT ANALYSIS
In order to assess the safety of the design chosen, numerous accident siiua-
tions were analysed. In the following we shall describe the plant behaviour

for some typical reactivity insertion accidents and coolant system malfunciions.

Reactivity Perturbatlions

5.1 In the control rod runaway accident it is assumed that all control rods
are withdrawn simultansously at maximum design speed resulting in a reac-
tivity ramp of a few cents per second. Due to the strong negative tempera-

ture coefficient of the core the sodium temperature would rise at a rate



of only 6 °C/§ec which can easily be controlled by the safety system.
Control rod blowout by the cooclant i1s generally eliminated because the
control rod weight exceeds the hydraulic forces. Two fallures would be
required to cause contrel rod blowout: failure of the coolant inlet
nozzle and inadvertent uncoupling and withdrawal of the control rod
drive shaft. The reactivity ramp would be in the order of 5 g/sec which
can still be controlled by the safety system without causing gross
damage to the core.

Fig. 5 shows the maximum reactivity ramp whieh can be controlled by two
types of shutdown mechanisms (free gravity fall and spring accelerated)
such that no melting occurs eilther in the hot spot fuel element (curves
1 and 3) or in the central fuel element without hot spots (curves 2 and 4).

5.2 There was considerable concern about the potential of a refueling accident.
However, with the design chosen, fuel handling can be performed only if
all control rods are previously decoupled from their drives. The total
coptrol rod worth of 40 S will provide abundant shutdown margin. Despite
this fact in the analysis it was assumed that the core had become critical
inadvertently and that a 31.4 ®/o enriched fuel element is dropped into
céntral core position. The initial temperature was assumed to be 30000
and the flow was set to 10 /o of the rated value. Fig. 6 shows that the
maximum fuel temperature would rise only to about 1000 C and the sodium
temperature would stay well below the bolling point. However, it is anti-
cipated that further developmenti of suberiticality measurement techniques
wlll provide a reliable safety device so that the restriction of maintain-
ing at least 10 /o of rated flow during refueling will not be required.

Coolant System Failures

6.1 Flow blockage in single fuel channels is expected to be a relatively slow
process. Since 1t is anticipated to provide thermocouples above the outlet
of each fuel element the beginning of flow blockage is likely to be detec-
ted. Undetected flow blockage would lead to excessive sodium temperatures
and to local boiling and fuel fallure. Instrumentation for detection of
sodium boiling and fuel failure is presently under development in various
countries and the hope that at least one of the methods being developed
now will become a relieble safety instrument, is well Justified.
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6.2 Loss of pumping power in the whole primary system would shut the reactor
down either upon low flow or upon high tempereture indication. The pri-
mary sodium temperatures would follow the curves shown on fig. 7. About
2 minutes after loss of power the two auxiliary natural convection loops
would take over the long term heat removal.

Loss of flow even in all secondary coolant systems does not require imme-~
dlate reactor shutdown.

[¢

Accidents Involving Safety System Failure

7.1 During the early phases of the design work it was declded that the
reactor and containment design should be based on the requirements of
a nuclear accident which might result from a severe reactor component
failure coinciding with complete failure of the accident preventive
safeguards, such as the safety system. In the following it 1s, therefore,
generally assumed that the safety system is inoperable. Since the most
severe accidents would result from fuel melting and vaporization in a
nuclear power burst the analysis has concentrated on potential reactivity
insertions and their consequences. As a first step to such an analysils
a simple fault propagation tree has been set up as shown on fig. 8. The
main events which might initliate severe reactivity insertions are the
following:

1. Control rod ejection
2. Generation of sodium voids

3. Core meltdown.

There is an important difference between the meltdown acecident and all
others. Meltdown of the dry and suberitical core due to fission product
heat may lead to supercritical configuration whether a safety system is
operable or not. With all other incidents a well designed and properly
operating safety system would detect the beginning of a dangerous situa-.
tion and take corrective actions. It is, therefore, concluded that the
safety system and the design provisions against loss of coolant from

the core are of equally great importance in sodium cooled fast reactors,
and are, therefore, tc be designed to the same confidence level. We will
now come to the accident initiating events individually.



7.2

7.3

7.4

7.5
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The most reactive control element contains approx. 4.2 § reactivity.

This control rod is assumed to be ejected by boiling sodium after blockage
of the coolant flow through the control element and after decoupling and
withdrawal of the control rod drive. At full power the heat generation

in the control element is approx. 10 o/o of the power generated by a fuel
element. The sodium would reach the bolling point within a few seconds.
Assuming 3oo°c sodium superheat, the control rod would be ejected by a

9 atm pressure difference and might reach a velocity of 5.5 m/sec. This
would result in a reactivity insertion rate of 60 3/sec.

In the Na-2 design the maximum sodium void reactivity was calculated to
be 4 & for a bubble volume of about 50 ®/o of the core. However, the
safety analysis 1s based on a value of 6 4. Voiding the entire core would
result in a reactivity increase of about 2 3. There are principally two
mechanisms which might generate a Void in the sodium of the critical
reactor. First, a gas bubble in the coolant, and secondly, sodium boiling.

A gas bubble in the primary coolant system might enter the core at the
rated velocity of the sodium. It was assumed that the gas bubble occu-
ples only the inner 2/3 of the core cross section where the sodium void
effect is positive. The resulting maximum reactivity perturbation is

55 8/sec.

Sodium boiling in a single element contributes only up to 14 ¢ reactivity.
Therefore, in order to generate a severe reactivity perturbation sodium
boiling must occur simulteneously in a great number of fuel elements.
Since the sodium void effect is the most posltive in the central part of
the core, the analysis has concentrated on those situations, where boiling
would start in the center of the core and would propagate radially at a
high rate. The most important parameter which determines the axial growth
of the bubble within the fusl elements is the sodium superheat. Because
there is a great lack of experimental data in this field the maximum
sodium superheat has been deliberately set at BOOOC (7), because above
this temperature the fuel cladding is expected to fail and to lnitlate
sodium boiling by fission gas bubbles injected into the sodium. The method
which was used to compute the sodium ejection process is described in
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another paper of this conference (7). As a worst case it was assumed
that boiling starts in the core midplane after instantaneous loss of
flow at full power operation. Flg. 9 shows the combined axial and ra-
dial bubble growth. It was assumed that sodium boiling propagates radi-
ally according to the power profile and starts at the same temperature
of 1200°C in all fuel elements. In reality due to the differences in
hot spot factors and burnup sodium boiling would start sooner in some
elements and later in others. Thus the total reactivity input would be
smeared out in time compared to the above model. Even for the conserva-
tive assumptions made here the maximum reactivity rate was calculated

not to exceed 60 g/sec.

Emphasized by the Enrico Fermi incident considerable effort was made to
analyse the potential consequences of coolant flow blockage to indivi-
dual fuel elements. Again, since the reactivity efiect of voiding a
single fuel element 1s rather small, only rapid propagation of this
incident would result in severe reactivity perturbations. It was found
that after sudden complete blockage of a fuel element it takes approx.

2 to 3 seconds before the sodium would reach the bolling point. If all
fuel elements surrcunding the failed fuel element were blocked completely
by the pressure pulse from sodium boiling, this process would propagate
at the rate of about 1 annulus every two seconds. We are confident that
the hexagonal wrapper tube of the fuel element can be desligned ageinst
the maximum pressure during boiling. However, severe deformation of these
wrapper tubes by the recondensation pressure pulses cannot yet be dis-
counted (7). It is expected that the electlon and recondensation processes
in several fuel elements would cause considerable reactor noise which can
be detected by both nuclear and acoustic lnstrumentation and that the
reactor can be shut down before greater damage would occour. Simultaneous
ejection of sodium out of 30 fuel elements, which would correspond to a
45 #/sec reacpivity ramp, is considered to be a conservative estimate of
the maximum reactivity perturbation which might result from propagation
of fuel element blockage.

Contrary to the metal fueled fast reactors of the first\generation core
meltdown is & very unliikely event for the present fast reactor design



7.8

13

employing ceramic fuel. As long as there is sodium in the core meltdown
can be discounted on the basis of the great difference between sodium
boiling point and fuel melting point. Any serious situation would rather
lead to sodium boiling than to gross fuel meltdown. Core meltdown, there-
fore, is of concern only after loss of sodium. In the Na-2 reactor loss
of sodium is eliminated by the geometrical design of the reactor cavity
and the heat exchanger rooms. Nevertheless it is worthwhile to analyse
what might occur if the design were different. Because removal of sodium
in itself would have caused a reactivity excursion meltdown at power is
not possible. Meltdown due to decay heat, however, can be envisaged after
shutdown. Due to the heat which is still stored in the fuel and which

is still being generated, clad melting would start very soon and would
propagate within a matter of seconds over the whole reactor. Fuel melting,
however, would take several minutes. If we assume that melting fuel falls
under gravity and fills up all available void volume in the core, the
effective core height would be reduced by about 40 cm. The corresponding
reactivity rate would be in the order of 5 g/sec. However, if we assume
that the fuel would fall out of the canning as soon as the canning melts,
then a maximum reactivity rate of approx. 60 3/sec would result. Although
the experimental evidence of irradiation experiments indicates that the
fuél column would not break down immediately after clad melting a reacti-
vity ramp of 60 8/sec was used in the analysis of the dry meltdown

accident.

The energy release of the nuclear excursion was calculated according

to the Bethe-Tait theory (8). A one-dimensional spherical model of the
Na-2 reactor core was used. In all cases where there is still sodium in
the reactor a modification was applied to the one-dimensional model to
account for the fact, that the fuel cladding and the hexagonal wrapper
tubes of the fuel elements can prevent radial core disassembly. It was
assumed that this disassembly takes place only in the axial direction.
Consequently a reactivity ramp of 60 8/sec would produce about the same
energy in the wet core as it does in the dry core, although the Doppler
coefficient of the wet core is about twice as good as in the dry core.

About 500 MWsec of destructive energy might be released in both cases.
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In most of the nuclear accidents investigated there is still sodium in
the core or in the environment of the core and the potential destructive
energy release of the excursion may be increased dus to subsequent vapo-
rization of sodium(9). An upper limit for the potential mechanical energy
of a fusl-sodium interaction was determined on the baslis of instantanecus
heat transfer from the vaporized and molten fuel to the liquid sodium
and isentropic expansion of the fuel and sodium vapor mixture. Rig. 10
shows the maximum mechanical work which can be done by the sodium vapor
bubble as a function of the initizl fuel temperature and the final pres-
sure to which the bubble will expand. For an average fuel temperature

of hOOOOK which is typical for a severe nuclear excursion of the Na-2
reactor, the potential mechanical work of an expansion down to 20 atm

is about 200 MWsec per tomne fuel or 1000 MWsec total. In this we have
assumed that the sodium vapor bubble does destructive work only above

20 atm, because this is the design preséure of the reactor cavity.

In the nuclear power burst most of the fuel is melted and a significant
portion is vaporized resulting in the release of radloactive fission
products and fuel isotopes. Iodine and Plutconium are of special signifi-
cance in this context (lo)because they represent the most important
hazard potential to the environment.

Assumptions made to calculate the leakage of the radioactive material
through the containment barriers were very conservative. Following the
nuclear excursion and the fuel sodium interaction a great part of the
primary sodium was assumed to be spread into the primary containment
heating up its inert atmosphere to the sodium temperature. For the resul-
ting overpressure of less than 5 ata the time dependence of gas leakage
from the inner containment into the outer containment and frdm there

into the atmosphere was calculated assuming pressure decay due to leakage
only. No credit was taken from the fact that the containment atmosphere
will cool down during the accident.

The release of radicactive material from the fuel was conservatively
estimated by assuming 100 o/o for the noble gases, 10 °/o for the halo-
gens, 50 o/'o for the volatile solids and 1 o/o for the solids. These
numbers are rather pessimistic in view of the fact that the fission pro-
ducts and the fuel isotopes released are in close contact with sodium
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before being dispersed in the inner contalimnment atmosphere. Due to the
good trapping capability of sodium the release fractions should be

lower than assumed in these calculations, Because the fuel will bs
destroyed very rapidly by a fast nuclear excursion the released frac-
tions of radioactive material were assumed to become airborns in the
inner conteinment Immediately after the power burst. Decrease of the
activity concentration in the containment atmosphere was accounted for
eccording to an exponential law of the plate out with half times of

1 h for the halogens and volatile solids and 10 h for the sclid material.
The weather conditions during the accident were considered to be constant.
In the calculation a ground level release accompanied with inversion
conditions were assumed. No credit was taken from the decontaminating
effect of the exnaust and filtering system which controls the air gap
around the steel containment. The accident doses given below were cal-
culated for the design leak rates of 50 Vol. o/o / day for the primary
and of 0.5 Vvol. °/o / day for the secondary containment barrier.

Design Basis Accident Doses: (500 m, downwind, inversion)

Time of Exposure (h) 2 8
Bone Dose (rem) 0.98 22

- Thyroid Dose (rem) 0.17 0.55

The numbers show that the bone dose is the governlng radiation burden.
This is due to the high inventory of Plutonium in the reactor which
together with the Strontium isotopes adds consilderably to the bone dose.
The interrelation between the containment system and the various isoto-
pes released during a large accident is discussed in more detall in

(10) of this conference.

another paper
It can be concluded that the double containment system applied to the
Na-2 design provides & sultable measure to reduce the redilation hazard
to a tolerable level if we use the 25 rem accident dose as a yardstick.
It should be noted that the assumptions made in these calculations are
rather pessimistic. We believe that with more and better information
about the important parameters of activiiy release in fast reactor accil-
dents the accident doses reported will be lowered considerably.
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Furthermore, if plant sites near citles or areas of high population
densities should be selected, additional reduction of accident doses
can be achleved by accounting for the concrete cylinder arcund the
cuter containment shell as an additional barrier. Venting the air gap
between the outer contalnment shell and the concrete cylinder to an
exhaust stack would lead to better activity dispersion in the atmos-
phere. Adding filters to the exhaust system would even more reduce the
radiation burden to the environment in case of an accident. From these
studies it can be concluded that the Na-2 plant has the capacity of
following the economical site requirements without hazard to the public.

CONCLUSIONS

From the safety analysis of the Na-2 design a number of conclusions can be
drawn, which may serve as a guldeline for future work. Concentrated effort
is required in the fields of accident analysis and development of engineered
safeguards.

8.1 Oreatest emphasis is to be placed on development and demonstration of
reliability of all critical reactor components and accident preventive
safeguards, such as to prevent the occurrence of any situation which might
lead to release of active material. Realizatlon of the principles of di-
versity and redundancy in the entire safety system and in the emergency
cooling equipment appears to be the appropriate method. Success in this
area would eliminate the problems of the two following paragraphs.

8.2 The possibility of a severe nuclear accldent is extremely remote, but
the present state of technology and analysis leaves some doubt as to
whether they can be ruled out entirely. Until sufficient confidence has
been established in the safety of sodium cooled breeder reactors, it
appears appropriate to account for such severe accidents in the design
as was done in the Na-2 concept.

The containment of the Na-2 reactor would be capable to accomodate the
potential consequences of severe nuclear accidents without hazard to the
publiec.
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8.3 Because of the pessimistic estimates made in every single step of the
safety analysis, the design of the consequence limiting safeguards
incorporates a high degree of conservatism. Further theoretical and
experimental investigation of fast sodium cooled reactor safety will
likely lead to more appropriate and more economic solutions.
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Teble I

Physics Data
Core height 95 em
Core diameter 153 em
Core composition
fuel 29.8 o/o
sodium 49.6 °/o
steel 20.6 °/o
Critical mass
fissile T73 kg
fertile (core) . 3867 kg
fertile (blanket) 26800’kg
Pu-enrichment
inner zone 21.2 °/o
outer zone 31.4 o/o
Pu-composition (as loaded)
Pu 239 75 /o
Pu 240 22 °/o
Pu 241 2.5 °/o
Pu 242 0.5 °/o
Internal conversion ravio 0.55
Total breeding ratio : 1.24
Prompt neutron lifetime 3.9 1077 sec
Effective delayed neutron fraction (1 g) 3.0 10"3
Reactivity coefflicients
fuel (expansion only) -9.45 - 10"6 grd'l
clad £0.37 » 1070 gra”?
structure -31.24 . 10"6 grd'l
sodium +0.37 + 107 gra™?
Doppler constant { T g—};—, )
with sodium -3.76 » 1077

without sodium -1.76 . 1072




Reactivity effects
cold shutdown - full power
burnup swing (16009 MWd/to)
sodium void (maxirw)
One outer zone fuel eleme.t losded into
the center of inner zone
One control rod (maximum)
All shim rods
All safety rods

Table II

2.5 ¢
4.2 2
20 8
20 8

Thermal Hydraulics Data of the Core

Power
total
core and axial blanket, high/low burnup
radial blanket, high/low burnup

Peakling factor
radial
axial

Red power
core average
maximum hot spot

Temperature
reactor inlet

reactor outlet

core outlet, high/low burnup

radial blanket,outlet, high/low burnup
cladding hot spot

fuel hot spot

Coolant velocity maximum
Core pressure drop

720 MW
660/700 MW
70/30 MW

1.20
1.24

270 W/om
540 W/cm

380 °c

560 °C
564/576 °C
530/440 °C
690 %
2700 °c

5 n/sec
2.1 at
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