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ABSTRACT

In the present paper some results on the dynamlc and safety analysis of
the first Cerman 1000 MWe steam cooled fast breeder reactor design (D1)
are presented. It is shown that all arising problems can be solved with
today’s technology, mainly taken over from boiling water reactors. The
special results of the investigations presented here will be useful in
the determination of new steam cooled fast reactor concepts.

x) Work performed within the framework of the association Euratom - Gesell-
sohaf't filr Kernforschung mbH. in th: field of fast breeder development.




1. INTRODUCTION

The German Fast Breeder Program includes the development of a steam cooled
prototype besides the sodium cooled version. Naturally a comparable effort
must be given to the specific safety problems of steam cooling.

The present study is based on our first detailed design of a 1000 Mwe

steam cooled fast breeder plant, called D1, which was published in 1966(1 2)
As 1t was pointed out, thls Dl-concept does not claim to be the optimum of
all possible steam cooled fast reactors. According to our schedule a D2-
study is going to incorporate now all the experience with Dl and the sub~
sequent analysis.

The main features of the Dl-design are shown on the flow scheme of fig.l.
Coolant steam enters the reactor pressure vessel at 182 atm close to satu-
ration temperature., Before entering the core, it passes a relatively large
inlet plenum. It is formed by the inner volume of the pressure vessel not
occupied by the core, the steam outlet ducts, the inner shielding and some
other structural parts. The superheated steam leaving the core at the bot-
tom with 54000 1s divided into three different paths: some 30 /o go to the
two mein turbines, some 60 °/o to the six Loeffler circuits and some 10 °/o
to two subsldiary closed coolant systems. The latter is equipped with sur-
face type heat exchangers and standard lLoeffler boilers. These two subsidi-
ary coolant systems are always in service during reactor operation providing
- a permanent heat-sink for decay heat removal. In addition, the cooling
efficiency of these aystems could be increased remarkably by molstening the
coolant steam. This would be required, if the coolant flow or the pressure
decrease below a certain value during a major accident. In this case, an
emergency flooding process could be carried out also with the water from
the two Loeffler boilers which are located at a higher level than the reactor.

During reactor operation the two Loeffler boilers together with the water
volume in the six main steam generators in the Loeffler circults serve as
Ruths-Accumulators in case of power transients, equipment failure or leakage.

The core is surrcunded by a heavy steel neutron- and ¥-shield and is enclo-
sed in a pressure vessel. This arrangement has the potential of absorbing
large amounts of energy in case of an excursion-type-accident. In addition,
the whole reactor is located in a reinforced concrete cell, filled with
water in the upper part and covered by & heavy movable bridge.



All coolant pipes and the two subsidiary coolant loops are located in a
dry-well formed by concrete walls. Any overpressure there is dissipated
into the water pool above the reactor (pressure suppressionvsystem) and
ultimately to & pressure resistent first or inner containment. This inner
containment together with the six Loeffler circuits and the two main tur-
bogenerators is enclosed in a second gastight envelope. Here a small nega-
tive pressure is maintained by a ventilating system venting the exhaust
air through filters to the stack. All penetrations betwsen the first and
the second containment are equipped with two independent stop valves. In
addition, the primary coolant pipes are equipped with special quick-acting
check and overload stop valves, respectively, adjacent to the reactor

pressura vessel.

The basic safety philosophy of steam cooled fast reactors like Dl centers
around two aspects:

a) the steam density coefficient,
b) the loss-of-coolant accident.

As with sodium, large steam cooled fast reactors have a negative reacti-
‘vity coefficient of coolant density or a positive void coefficient. With
sodium this coefficient practically acts only with the onset of boiling,
lea&ing to & sudden, very fast reactivity increase. With steam, on the
other hand, the density coefficient is always in action, since the coolant
density depends very atrongly on pressure and temperature. This results

in a number of dynamic problems which are stressed even more by the direct
cycle system. On the other hand, the reactivity changes cannot be as fast
as in the case of sodium boiling over larger core regions.

The loss-of~-coolant accident, which can be excluded for sodium by proper
designing, must be considered very carefully for steam.Besides the scram
system other sngineered safeguards, such as emergency cooling or flooding
systems are required., Again, the problems are stressed by the direct cycle.
Emergency shut-off valves have to isolate the core from the turbine and
close the primary containment. However, as will be shown, the basic re-
quirements of these valves do not differ from those needed for boiling
water reactors for the same purpose.




Finally, the direct cycle may be contaminated by plate-out of s0lid fis-
sion products during coperation with a can failure. First answers to these
problems have been reached during operation of the ESADA -~ Vallecitos-
Experimental -Superheat Reactor (3). We closely participated in this project.
Nevertheless, some questions are still open. These will be studied in a
special experimental program scheduled for the next years by using diffe-
rent steam loops in (German reactors. Since the circuit contamination pre-
sents mainly operational problems, it is not included in this safety ana-
lysis. Therefore, this paper is divided into two main portions:

Dynamic Analysils and
Problems and Consequences of the
Loss - 0f - Coolant Accident,

2. DYNAMIC ANALYSIS

2.1 Core Stability

The stability analysis provides information on the behaviour of the core
following minor reactivity disturbances. Major reactivity disturbances are
taken into account as part of the examinations on coolant cycle dynamics
as well as in accident models. Effects caused by the coolant cycle are
not considered in the studies on core stability. It i1s assumed that core
inlet temperature, pressure and throughput are not variable with time.
The model of calculation comprises thermodynamics, neutron kinetics and
reactivity coefficients. A deseription of the model for sodium coolant
is given in (4). In addition for steam coocling the nonlinearitics and
the space dependence of the steam data are considered. Fig. 2 shows the
8implified block diagram. In such a system with feedback comprising seve-
ral delaying elements (heat sink, delayed neutrons) two types of insta-
bility may arise: oscillatory and monotonic instability.

2.1.1 Oscillatory Instability

It ocours when the reactivity feedback is negative and very high, which
means an excessive amplification of the system. It has become apparent
from calculations that the core of the steam-cooled 1000 MWe reactor is
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extremely far from this limit. An increase in the Doppler coefficient
by 8-5 decimal powers only leads into the vicinity of the stability
limit, For this reason, the inherent oscillatory instability of the
core was not given further consideration. This oscillatory instability
of the core must not be mistaken for the oscillatory instability of
the coolant circuit caused by the pressure feedback (chapter 2.2). ‘

Monotonic Instability

It occurs when the feedback of the system becomes positive. This means
a positive power coefficlent. In this case, only feedback, i.e. thermo-
dynamics plus reactivity coefficlents, has to be considered. The follo-
wing reactivity coefficients are taken into account:

Doppler coefficient

-1
D < 30’7

aB = fuel density coefficient

% " = can coefficient

ag " = coefficient of structural material

09 [—-—1—-—- / = coolant density coefficient
@/em}'

ab and 09 are the main factors in the determination of stability,

aB depends to a very lerge extent on the still unknown mechanical beha-
viour of the fuel. Therefore, an accurate evaluation is not possible.
It will not amount, however, to more than 20 °/o of the value of the
Doppler coefficient.

2.1.3 Results

The studies on atabllity were applied to the core of the Dl-rea.ctor(l).
The Doppler coefficient OD and the coolant density coefficlent a?
being the principal determinants of stability, the astebility boundary
(power coefficient = O) was represented in the & - 09 plane (fig.3).
The position of the Di-core 18 also entered in that plane. The Dl-core
is situated in the stable zone. Assuming realistic errors in the cal-
oulation of the coefficients (X 25 %/ for a, end ¥ 40 °/o for ag) we
obtain the sheded rectangle extending in part into the unstable zone.




In order to be sure to have a stable core we have to determine the
reactivity coefficients with greater accuracy. If this 1s not feasible
or if the more accurate values provide an unstable core, stability can
be improved in different ways, which are described in the following
paragraph. However, implications for other design aspects (e.g. thermal
efficiency, breeding ratio) are not taken into consideration.

An inherent unsteble core raises not so much problems of safety but
rather problems of contreol. Most of the accidents considered in the
accident analysis take place in the range of milliseconds, while effects
of inherent instabllity occur in the range of seconds only. But the
instable core forces the control system to intervene much more frequent-
ly; consequently permanent rod movement and considerable wear of the
driving and guiding mechanism has to be expected.

2.1.4 Improvements in Stability

a) Change of Reactivity Coefficients

The increase in Iabl'and the reduction of Ia(J cause an improvement

in stability. The influence is nearly linear. A considerable reduct-
(5)

ion of hxglcan probably be reached with an annular core

b) Increase in Power Density (rod power)

- e L L 2 2 7 T X J

when the power density is increased with the temperature rise re-
maining unchanged, the averége fuel temperature rises,whilst the
average cooclant temperature does not change. This enhances the effect
of the Doppler coefficient. The influence i1s slightly smaller than

linear ( »\»qo'a).

c¢) Shortening of Tempersture Rise between Inlet and Qutlet 131%_

Shortening of 41> with power remaining unchanged is reached by an
increase in throughput. Assuming a constant value for the average
coolent temperature i;, the improvement of stability is nearly
linearly dependent on the increase 1ln throughput. However, in normal
eircumstances, é; also changes with the increase in throughput. In
this case the influence of d) must also be considered.



d) Reduction in Change of Steam Density with Temperature (d¢ /4T)
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The dependence of steam density on temperature decéeases with the
increase in the average coolant temperature v. If 4 1s shortened
by reducing the outlet temperature <%, 1 will be reduced. A shorte-
ning of AV and a reduction in ) showever, have opposite effecta on
stability, the stability enhancing part being predominant. If AU
is shortened by raising the inlet temperature 27’E (slight superheating),
% is raised. In this case, both factors improve stability. Pig. 4
shows the stability boundaries o 9p = £(4 9). The much better impro-
vemant of stability following the increase in inlet temperature T}'E
is obvious. For illustration, the position of the Dl-core has been
entered.,

e) Inorease_in Thermal Resistance

An increase in the thermal resistance can be reached by a deterio-
ration of thermal conductivity A. The related increase in fuel tem-
perature results in a stronger Influence of the Doppler coefficient.
However, stability is improved only proportional to (%)0'6. Due to
the small dependence and to other technological problems, this means
of improving stability does not seem to be reasonable.

2.2 Dynamic Behaviour of the Core Including the Coolant Cycle

2.2.1 Analogue Model of Calculation

The main parts of the Dl-plant (1) are simulated by an extensive ana-
logue program. Fig. 5 shows a simplified flow chart of this model. The
medel contains a double steam feedback, one of them represents five
loops, the other cne loop. By that means it is possible to simulate
failures in one of the 6 loops (e.g. the failure of one blower or one
steam generator).

The main characteristics of the program are:

Lumped model of the neutron kinetics, 6 groups of delayed neutrons,
ong fuel element representing the core; radial and axial division into
several zones, representation of the heat transfer as a function of
temperature and steam velocity, the steam density as a function of




pressure and temperature, the specific heat of the steam as a function
of temperaturej pressure drop and heat capacitiy of the blanket are taken
into account. Inlet and outlet plenums of the reactor, pipes, reheaters,
steam generators, blowera, check valves, Ruths-Accumulators and turbine
mass flow are represented, partly in a simplified way. The dependence

of the steam characteristics on pressure and temperature is separated
and represented by function generators or linearisation. Because of this
simplification the accuracy of the model bscomes insufficlent at pressure
changes of more than 25 at from the initial value,

With this analogue model the behaviour of the plant can be investigated
under normal conditions (load changes) and during failures (e.g. leaks,
fallure of a blower or a steam generator.) The time behaviour of all im-
portant quantities, as reactor powerf/f?o, mex. can temperature zﬂ’m ,

reactivity Ok, coolant temperature 1, outlet pressure P,» core mass flow

zh/zho and many other quantities can be calculated.

On the one hand the results show the influence of different system para-
meters (e.g. reactivity coefficients, the quantity of water etc.) on the
dynamic behaviour of the plant, on the other hand they are useful for
the development of an optimal control system, which shall be included
into the next stage of the program.

The most important parameter 1s the reactivity coefficient of the steam
density (density coefficient o ). It depends on the burnup, and further-
more it cannot be calculated with good accuracy, but the dynamlc behavi-
our of the plant depends strongly on this coefficient. Therefore, it is

varied in a large region ( =0.46 < a9\< +0.18 der ) at all investi-

gr/ o

gations. The maximum value calculated for D1 (at maximum burnup) is

1
a_ = -0, a mean value is @ _= Q. =~ 0.5 a_ .
go™ ~0:37 ok v g 275 e,
The numbers at the curves in the figures 6 to 15 have the following

meanings

Curve a, [gr/cmjj -1

0.0%0 = 0.25
0.185 = 0.5
0.275 = 0.75
0.370 = 100
0.460 = 1.25 .
0.185 =-0.5

<0
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2.2.2 Normal Behaviour of the Plant (gm Chggs}

In order to investigate the bshaviour at load el'_xanges the turbine power
1s suddenly raised from stationary state by 10 °/o. In the analogue si-
mulation this effect is represented by a sudden rise of the turbine mass
flow by the corresponding smount. The results show the behaviour of the
plant after a load chenge without the influence of a control system or a
movement of the control rods. In fig. 6 the reactor power 7’;/P° and the
core outlet pressure p, are represented as a function of time for diffe-
rent density coefficients.

The increasing turbine load (increasing mass flow) forces a decreasing
pressure. When Q 9 is negative, the decreasing pressure causes a power rise
until there is a new equilibrium, so that the reactor power corresponds

to the turbine lcad. This behaviour iz good at a small negative density
coefficient (o g™ 0.5 a 90). Increasing values of glead to an overshoot
of the power and finally to an increasing oscillation at o o = a?o. At
positive values of Q o
Increasing turbine load forces decreasing reactor power.

the reactor power doesn’t follow the turbine load.

This behaviour leads to the demand, that the density coefficlent ¢ o should
be small andnegative. It must be smaller than the boundary
value of the core stability (chapt.2.1). With increasing negative values
of ag the boundary of instable osclllations of the coolant cycle is
reached before the stability boundary of the core. The instability of the
coolant cycle is reached the sooner the greater the time delays of the
cycle are; e.g. the reheater with its very long time delay makes worse

the stability of the cycle (chapt.2.5).

2.2.3 Reactivity Disturbance

The investigation of reactivity disturbances is made for two reasons:
Pirst it is shown how the plant behaves at real reactivity disturbance,
secondly the dynamic of reactivity disturbance is a help in designing a
control system. |
Fig. 7 shows the dynamic behaviour of the reactor power, the max. can
temperature and the outlet pressure after a 4+0.2 8 step function of reac-
tivity for several values of ag . Because of the pressure feedback the

initially rising power is finally set back to 100 °/o0, if & o 1s negative.
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The pressure rises until it has compensated the reactivity disturbance
(in the range of some minutes, therefore not visible in fig.7). Increa-
sing negative values oftzglead to an overshoot and to undamped oscilla-

tion. If @ _ is positive, the cycle becomes unstable because of the posi-

8

tive pressure feedback. Then the power is increasing monotonously.

2.2.4 Faults at Components of the Steam Cycle

Failure of a Blower

It is assumed that one of the 6 turboblowers fails. Both loss of drive

and sudden blockage are investigated. There is only a small difference
between these two kinds of failures. In both cases it 1s assumed, that

the check valves shut, when the mass flow turns back in the disturbed
cycle. The shown curves of fig. 8 refer to a sudden blockage. After the
failure of one blower the other 5 blowers take over a part of the missing
flow, according to the steepness of the characteristic line of the blowers.
In this case a flow reduction of 10 o/o remains, which leads to increa-
sing coolant and can temperatures. When ag,is negative, the increasing
coolant temperature causes an increasing power, which is reduced first by
the Doppler coefficient and later on by the pressure feedback until the
initial value 1is reached. Here also oscillations are possible if as,is too
large. During the transients a too large overshoot of the can temperature
is possible, so that a scram is necessary. If there are possibilities to
reduce the overshoot of the can temperature, the reactor need not be

scramed after a failure of one blower (chapt. 2.5).

Failure of a Steam Generator ( Evaporator)

o - 5 - G s - - S A A D Y T S S W -

The sudden loss of feedwater in one of the 6 injectors is assumed. The
steam leaves the inJjector nearly as hot as it enters. Because of the re-
duced density of the steam the blower of the disturbed cycle becomes un-
stable and the direction of the flow reverses. When the check valve shuts,
the dynamic behaviour of the five normal cycles after a failure of the
injector is the same as after the failure of a blower. The calculated
curves correspond to those of the failure of a blower. But it must be
noticed that the moment t = O is not the beginning of the failure but

the time the check valve shuts.
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Leaks

A leak at the outlet is similar to an increase of the turbine load.
Because of the pressure reduction the power increases. At the beginning
of the disturbance the can temperature decreases by reason of the larger
coolant flow through the core. More dangerous are the effects of a leak
near the inlet of the reactor, because the rise of the power is accompa-
nied by a reduced coolant flow. Fig. 9 represents the course of the power
and the max. can temperature caused by a leak near the inlet with an
initial throughput of 500 kg/sec (15 /o of the total mass flow). Because
af the quick loss of pressure (ca. 2 at/sec) the simulation is possible
only over some seconds. Power and can temperature increase more or less

as a function of ag .

Break of a Main Turbine Pipe

The sudden break of one of the two main turbine pipes causes a rise of
the mass flow in the disturbed pipe by more than 5 timgs. The results of
this accident are shown in fig. 10. As the mass flow through the core in-
creases, the power and the can temperature initially decrease. Only after
3 sec the can temperature exceeds its initial value, This time delay is
a good help for closing the safety valves in due tinre.

2.2.5 Paresmeter Variastions

The dynamic behaviour of the plant can be changed strongly by variation
of core parameters and components of the cycle (6) . Because of the very
complicated relations and the multiple feedbacks an exact prediction on
the influence of the differsent parameters i1s not always possible with
simple means. Therefore, the analogue model was used to the parameter

variations.

A very rough valuation using a simplified closed loop control system and
the stability criteria of Hurwitz (7) has shown, that the t 1 m e
delays of theecircult have to be as small a5 possgible
to get a good dynamic behaviour. The second condition whish must be ful-
filled isa negative feedback togetastable circuit.
The feedback 18 negative, if the coolant density coefficient is negative.
A third limitation is the gain of the 1loop. If it exceeds a
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certain 1limit; oscillations rise. The gain of the loop depends on the
reactivity coefficients and on the water contents of the steam generators.
Reduced Doppler coefficient, enlarged density coefficient and diminished
water contents of the steam generators lead to an enlarged gain of the
loop. The gain limit i3 a function of the time delays. The larger the
time delays are, the smaller is the gain limit.

This rough estimate shows the way to improve the stability and the dyna-
mic behaviour of the plant. Based on these considerations the most impor-
tant parameter variations were executed with the analogue model.

Reastivity Coefficients

The influence of the main reactivity coefficients has been investigated.
The variation of the steam density coefficient ago has been shown in
chapter 2.2.2 ~ 2.2.4. The cycle is monotonously unstable if & 1is posi-
tive, too large negative values of « o cause osclllations. The stability
boundary for the Dl-plant is near @, = - 0.3 [zr/cm3_7‘1. This boundary
depends on the Doppler coefficient and on the components of the cyecle.
The stability becomes better with increasing Doppler coefficient and de-
creasing time delays of the steam ocycle.

Influence of the Reheater

The reheater is simulated by a second order time delay of the coolant
temperature. This representation of the transport time and the heat capa-
clty of the reheater is simplified but good enough to show the influence
of the reheater on the dynamic behaviour of the cycle. The time delay of
the reheater is the largest of the plant and the dynamic behaviour is much
better if there were no reheating (or an extern reheating). Fig. 11 shows
the comparison of the Dl cycle and a cycle without reheater. Without re-
heater curve 3 (0.75 ag °) shows a very good dynamic behaviour with a
small overshoot, whilst the same curve 3 shows an oscillation, if a re-
heater exists. Curve 4 shows an unstable behaviour with reheater and a
stable one if there is none. During a failure of a blower too, the omis-
sion of the reheater is advantageous. The reason for this good behaviour
is the more quickly acting pressure feedback, which stops the power rise
earlier, If a, is small enough (ag < “90)’ it is not necessary to scram
the reactor after a failure of one blower, because of the sudden increase
and overshoot of the can temperature. The reactor can work on at a re-
duced power level.
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Variation of the Water Contents in the Steam Generator_ (Evaporator)

The most important parameter of the evaporator is the water volume. The
6 inJectors of the Dl-design have a water volume of 45 t alltogether.
In the variation this volume has been enlarged to the fourfold value
(180 t), which is the water volume of a corresponding Loeffler boiler.
The enlargement of the water volume has & stabilizing effect, because
the pressure changes are smaller. This is advantagecus at load changes
(fig.12), but brim a small disadvantage after the failure of a blower
because of the weaker pressure feedback, which reduces the increasing
power (fig.13).

Rgthg-i\ccmulntor &t the Inlet Plenum

The Loeffler boilers of the twc emergency coolant circuits (fig.l) have
the effect of a Ruth acoumulator with regard to the main coclant cycles.
It works against a pressure decrease by delivering steam intothe inlet
plenum. The opposits effect is véry small, so that increasing pressure
which 18 often wanted to reduse the power, is not influenced by the Ruth
acocumulator. Because of thisz behaviour and because of the favourable
position in the Dl-design near the inlet plenum the effect of the Ruth
accumulator is very good. The difference between a cycle with and without
Ruth accumulator can be seen in fig. 14 for a leak near the inlet plenum
and in fig. 15 after the failure of a blower.

3. PROBLEMS AND CONSEQUENCES OF THE LO8S-OF-COOLANT ACCIDENT

3.1 Types and Interconnections of Accidents

The probability of creating & major leak in s well designed and fabricated
high pressure system 1s very low as well as a complete malfunotion of an
important engineered safeguard. Consequently, the probability of the simuk-
taneous occurrence of two or more of such independent events is extremely
small. The following considerations are not conserned with these probabili-
ties in any respect. As a first step they show the principal logical inter-
conneoctions of different events. As will be seen, the situation is similar
to that of boiling water reactors.
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As for these reactors, our assumptions are being restricted to a major
pipe rupture of a single main coolant pipe. This leak may occcur anywhers,
directly at the reactor vessel or outside the inner containment. In prin-
ciple we distinguish according to fig. 1

Leak A in the region of the coclant inlet pressure inside of inner
containment, where the position directly by the reactor vessel
1s the most dangerous one.

in the reglon of the outlet pressure, also inside the contailnment.

- onap > -

Leak C outside the inner containment in the turbine building.

" on " as ws I

Taking the dependence of reactivity versus steam density for the max.burnup
according to Abb. 7.2-6 of (1). the critical velocities of the leak flow
and the effect of the steam and water storage capacities (Ruths-accumulators
and main steam generators) the following ramps have been calculated:

Leak At 4 S/sec
Leak Bi .6 g/sec
Leak C: 3 8/sec

In all three cases critical mass flow is reached. Up to the leak opening
the saturated steam depressurizes to a water-steam-mixture. The oritical
mass flow 18 calculated according to Moody’s theory (max.possible critical
mass flow).

The steam density in the coolant channels is calculated for different axial
sectionsy the average value gives the ramp-rate.

The mass flow delivered by the blowars remains constant as long as no pipe
rupture occurs in the corresponding coolant eircuit. The pressure drops
aocross the core, between outlet plenum and steam generator, and between
Ruths accumulator and inlet plenum were taken into account. The preasure
drop between pressure vessel (inlet or outlet plenum) and leak, however,

is neglected for leaks A and B, but taken into account for leak C.

The results are shown in £ig.16 for leak A and f£ig.17 vor leak B. The sharp
decrease of the steam density at the beginning for leak B is caused by the
qulck pressure reduction in the cutlet plenum. After a certain delay time
this tendency is turned by decrease of the outlet temperature (similar
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behaviour as is shown in f£1g.10, break of the main turbine pipe). Only
after that period, a stable density gradient is generated leading to the
reactivity ramp of .6 8/sec mentioned before.

The first transient does not give additional safety problems, bscause the
maximel positive reactivity increase amounts only to some .3 §.

The reactivity ramp at rupture of an inlet pipe (lsak A) can be remarkably
reduced by inoreasing the cross section of the pipe between the Ruths-
accumulator and the inlet plenum, 1.e. by redusing the pressure drop be-
tween thoge two. For a diameter corresponding t¢ the main steam pipes a
ramp of only 2 g8/sec was calculated. The results obtained with this digital
caloulation are in good agreement with those of the analogue program des-
cribed in 2.2, Therefore the bshaviour in the case of leak C can be seen
in £1g.10.

Let us now follow the chain of events as given in £ig.18.

Leaks A and B are combined in one diagram, where A is the more dangerous
one, because the flow rate in the core decreases remarkably as was shown
in fig.16. The engineered safeguards protecting the public against radia-
tion hazards act in four major steps:

| a) Safety or scram system
| b) Emergency cooling system
¢) Inner containment including the pressure suppression system.
d) Isolation valves which shut off all coolant pipes penetrating
the inner containment.

In addition, there is an outer building enclosing the whole inner contain~
ment, the turbine plant and the loeffler circults being sufficiently leak-
tight to guarantee activity release only via the stack and not through
building leakage.

Ad a)

The soram system has to deal with the reactivity ramps given by the coolant
density change. The first problem is to get a signal fast enough for the
scram from the loss of coolant. This may be generated by & pressure de-
crease, by coolant flow change or by neutron flux increase. Using the
signal of 125 °/o nominal flux and assuming a 100 ms delay for the flux



3.2

16

detectors, the electronic equipment andi the scram-rod-drives, it would be
able to shut off reactivity ramps even wp to 16 g/sec without fuel or can
melting if the cooling behaviour is not affected. This provides a suffi-
clent margin for cases B and C, but further studies are necessary on A
with respect to the decrease of coolant flow. '

Ad b)

Emergency cooling as described in (1,2) relies on the two subsidiary coo-
lant loops, water storage in the Ruths-accumulators and main steam génera-
tors and water injection into the cooclant flow. Finally the core has to be
brought into the flooded condition. Some questions in connection with this
flooding procedure will be solved by an experimental program under way now,
especially with respect to the Leidenfrost-effect.

Ad c)

The inner containment with the reactar cell and the pressure suppression
system 18 engineered to wellknown rules and can withstand the energy re-
lease of a Bethe-Tait-excursion following core-meltdown.

Ad_d)

Like in boiling water reactors the coolant pipes must be sealed by emergency
isolation valves. All pipes have two valves in series reducing the proba-
bility of malfunction. Additionally flow reversal valves are applied at the
reactor vessel entry and overflow valves at the reactor exit.

As shown in f15.18 we may arrive at harmless incidents (HI), severe acci-
dents (SA) if some malfunctions lead to major fission product release, but

where containment and isolation valves work, or very severe accidents, if
the containment integrity is disturbed (probebilities not considered).

Radlological Calculations

The upper limits for the radiation burden to the environment were calculas
ted by means of a digital program (MUNDO) described elsewhere (8). The
assumptions concerning the course of the accldent and the magnitude of the
most important parameters will be briefly mentioned here.
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Severe Accidents (SA)

Melting and vaporization of large parts of the core lead ic instantaneocus
release of certain fractions (see below) of fission products and fuel
into the inner containment; uniform distribution and an exponential plate~
cut in the containment ia assumed. T

Fission products and fuel Release fractions plate-out

half-times
Inert gases 100 %/o (co)
Halogens 50 °/o 1nh
Volatile solids 50 °/6 lh
Solids 1 %o 10 h

A leak rate of 1 vol.o/o per day of the inner containment, a venting rate
of 100 o/'o per day of the outer containment, vent filtering with an effi-
clency of 99 °/o for vapors and aerosols and succeeding release through
a 75 m stack lead to a radiation dose below 25 rem even for unfavourable
(unstable) meteoroclogic conditions and exposure times up to 24 hours.
Doses due to incorporatioﬁ of radloactive materials as well as Gamma-
radiation of the cloud have been considered.

Very Severe Accidents (VSA)

Two types of VSA have been considered:

a) Release of 100 ®/o of the inert gases due to can melting only
‘(iSOlation valves may already bs closed at the time when cors-vaporiza-
tion occurs). If there is no leak of type C a slug flow of all the gas
through the main turbine, the off-gas hold up piping and the stack into
the atmosphere will lead to cloud (Gamma doses above permissible levels
in the vieinity of the reactor.

b) Release of the same fractions of fissionp product as in case 3.2.1
while leak C has occurred and isolation valves stey open. Uniform dis~
tribution of the released material in the second containment is assumed,
plate-out, vent rate and filtering efficlencies, stack height and meteo-
rologic conditions are the same as in case 3.2.1. The resulting radia-
tion dose in the environment due to incorporation of aerosols, especially
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Pu, will now be higher than the cloud radiation dose of the inert gases
and again far exceed permissible levels.

Therefore, the consequences of any very severe accident must be limited
by engineered safeguards. In case a) the liberation to the atmosphere
can be restricted with the help of the off-gas hold up piping. Similar

to bolling water reactors, the relatively long hold up time between the
turbine and the stack (some 30 min) will allow to trap the fission product
gases by oclosure of the off-gas isclation valve. The leak rate of this
system is neglegible and the leak rate at the turbine gland seals is
reduced by feeding in nonradicactive steam. Therefore, the fission gases
trapped in ihe turbine, the condensor and the hold up piping would be
held until radiocactive decay or meteorologicel conditions allowed disper-
sal without significant environmental effects.

In case b) (malfunction of the scram-system or the emergency cooling
system) 1t must be made sure, that at least one of the independent isola-
tion valves in the turbine steam line has been closed 3 to 4 sec after
leak C has occurred at the latest.

4. CONCLUSIONS

a) The results have shown that without a control system the reactor has no
ideal selfcontrolling behaviour; but the power follows the demand of the
turbine if the negative density coefficient is notl too large. Though a
control system shall be necessary, a plant shall have a good dynamic be-
haviour'(no oscillations) without a control system because in this case
the control system has to act little (small and few motions of the con-
trol rods) and there will not arise a dangerous situation if the control
system fails. The plant of the Dl-design can be governed by a normal
control system, as the transients are not very quick.

b) The behaviour of the plant during lcad changes of the turbine depends
strongly on the density coefficlent o o Osclllations may arise, if ¢ o
is negative and too larges moriotonous instability arises, if cxg is posi-~
tive.

¢) The dynamic behaviour of the plant could be improved very much, if the
reheaters of the main coolant cycles could be removed from this position.
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The Ruths-accumulator at the inlet plenum has an advantageous effect
on the dynamics, especially in the case of leaks and fallure of a blower.
or steam generator,

Under certain conditions the reactor must not be scramed after the fai-
lure of one blower or steam generator. Working on is possible with re-

duced power,

No disturbance or accident in the coolant loop is dangerous, if the
safety system operates. Even the worst coolant accident, the total break
of a main pipe at the inlet plenum, induces a reactivity ramp of at most
4 #/see, which can be governed by the safety system of the Dl-design.

Compared to a fast sodium cooled reactor, where the loss-of-coolant can
be excluded by design, in a steam cooled reactor the loss-of-coolant
accident is of significance. This requires additionally a reliable emer-
gency coolant system and 1solating valves in case of the direct cycle.

The 1isolating valves should have the same degree of reliability as the
inner containment. At a rupture of a turbine pipe they should be closed
before any can melting has occurred. Dynamic studies show that for this
action 3 - 4 sec are available, the signal generation and prbcessing and
valve shut off time Included. Fortunately, these times are within the
range of BWR-experience. Therefore, the isolation valve problems of steam
cooled fast reactors do not differ from the problems already encountered
in the BWR development.

The problems of emergency cooling and the flooding procedure require
further experilimental support.
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