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ABSTRACT 

A philosophy of inherent safety is formulated and an inherently-safe thermal 
pover reactor is presented. Solid fuel in the form of spheres a few 
centimeters in diameter is suspended under the hydrodynamic pressure of molten 
lead coolant in vertical channels within the graphite moderator. Loss of main 
pump pressure, or a loss-of-coolant accident, results in immediate removal of 
the fuel to rigid sieves below the core, with consequent subcriticality. 
Residual and decay heat are carried away by thermal conduction through the 
coolant or, in the case of a LOCA, by a combination of radiation and natural 
convection of cover gas or incoming air from fuel to reactor vessel and 
convection of air between vessel and steel containment wall. All decay heat 
removal systems are passive, though actively initiated external spray cooling 
of the containment can be used to reduce wall temperature. This, however, is 
only necessary in the case of a LOCA and after a period of 24 hours. 

Die Philosophie eines inharent sicheren Reaktors wird formuliert und als 
Anwendung ein thermischer Reaktor vorgestellt. Der in Kugelform vorhandene 
Brennstoff von einigen Zentimetern Durchmesser wird durch den dynamischen 
Druck der Kuhlmittelstromung (flussiges Blei) im als Kern ausgebildeten 
Graphitmoderator im Gleichgewicht gehalten. Bei Ausfall der Kuhlmittelpumpen 
oder beim Verlust des KQhlmittels verschwinden die Kugeln unverzuglich 
zusammen mit dem Kuhlmittel aus dem Graphitkern und der Reaktor wird 
unterkritisch. Die Brennstoffkugeln werden durch ein "Sieb" unterhalb des 
Reaktorkerns zurQckgehalten. Die Nachzerf illsvarme wird durch Varmeleitung im 
Kuhlmittel oder beim Verlust desjenigen d; rch Naturzirkulation des vorhandenen 
Gases und durch Warmestrahlung an das Reaktorgefass abgegeben. Von der 
ausseren Wand des Reaktorgefasses wird die Varme wiederum durch 
Naturkonvektion der vorhandenen Luft an das von aussen mit Vasser bespruhbare 
Containment transportiert, dies ist nur im Falle eines LOCA und frilhestens 
nach 24 Stunden notwendig. 

Une philosophie de la surete inherente en matiere de reacteurs nucleaires est 
formulae. Un reacteur nucleaire thermique est presente comme exemple 
d'application. Le combustible solide, sous forme de spheres de quelques 
centimetres de diametre, est maintenu en equilibre dans la zone moderatrice 
(graphite) par la pression hydrodynamique du caloporteur (plomb fondu). Lors 
de 1'arret des pompes primaires ou de la perte du refrigerant, les spheres 
quittent immediatement la zone moderatrice, rendant le coeur sous-critique. 
Elles s'etalent sur un tamis et la chaleur residuelle est evacuee par 
conduction thermique dans le caloporteur, ou, si ce dernier vient a manquer, 
par radiation et par convection naturelle de gaz ou d'air dans le caisson. 
Celui-ci est alors refroidi par convection naturelle de l'air dans le 
confinement metallique dont la temperature est abaissee par aspersion d'eau 
depuis l'exterieur. Cette intervention humaine n'est cependant necessaire que 
dans le cas d'un LOCA, et pas avant 24 heures. 
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1 PHILOSOPHY OP INHERENTLY-SAFE NUCLEAR REACTORS 

Core Beltdown is considered to be the most severe nuclear reactor accident, 
because of its detrimental iapact upon the environment and the loss of 
financial investaent. The aost probable cause of such an event is failure of 
the cooling system after shutdown. 

In order to be inherently safe a nuclear reactor aust have the following 
properties: 

a) The core must be critical only under normal heat transfer conditions; 
in all other situations it must be subcritical. 

b) Outside the envelope of design operation, even in the case of a 
loss-of-cool ant accident (LOCA), the reactor system must be capable 
of removing decay heat from the fuel vithout the aid of active 
devices, solely by means of the final heat sink, the atmosphere, and 
under natural forces, such as gravitation and thermal expansion. 

c) The reactor core should remain in a stable state subsequent to a 
severe accident, controlled only by natural forces, vithout the 
intervention of active devices and human operators. All possible 
configurations of the fuel outside the moderator structure must be 
subcritical. 

d) Highly pressurized coolants and those which can generate high 
pressures following interactions during an accident must be avoided. 
This is because of natural hazards and pressure gradients which may 
result in the removal or movement of liquids and gases in undesirable 
and even unpredictable ways. 

Design-dependent and desirable, but not essential, features of such a reactor 
are as follows: 

a) The fuel should have a large surface-to-volume ratio, to facilitate 
decay heat removal. 

b) Thermal conductivity of the fuel ought to be high to inhibit its 
melting, with the possible resultant release of gaseous fission 
products and their chemical reaction vith the coolant or atmosphere. 

c) The moderator should be solid, generating no gases or vapours, and 
chemically inert when in contact with the coolant, fuel, atmosphere 
and structural components. 

d) The coolant should also be chemically inert, with a boiling point 
which is well above the operating design temperature. 
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e) In the case of a LOCA, the design of the core should enable decay 
heat to be removed by natural convection of cover gas or incoming air 
over the fuel elements. 

f) The vessel must have as high a thermal conductivity as necessary to 
facilitate removal of heat following a LOCA. 

g) The containment should allow unimpeded circulation of air within it, 
and have a thin wall of high conductivity to maximise heat transfer 
to its outer surface. 
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2 CONCEPT OP D Y O N I S O S 

A possible realisation of an inherently-safe reactor, on the basis of the 
criteria postulated above, is the power reactor D Y O N I S O S . 

2.1 General Description 

D Y O N I S O S is a thermal power reactor, schematically depicted in Fig.l. 
Its moderator consists of a matrix of graphite blocks (shown as (1) in Fig.l), 
each block having a central circular vertical coolant channel (2). During 
normal operation the channels are filled with fuel in the form of small 
spheres (3), which are kept in position by the hydrodynamic pressure of the 
forced coolant flow (4). This configuration is only critical as long as the 
fuel spheres remain within the graphite blocks. In the event of a pump 
failure in the primary circuit, or a loss-of-coolant accident, the spheres 
fall out of the graphite core, together vith the coolant, under the influence 
of gravity, with no mechanical or human intervention. This construction 
ensures a reactor shutdown under any conditions. 

A full description of the layout is given in Section 5. 

2.2 The Inherent Safety of D Y O N I S O S 

The following design characteristics are derived from the inherent-safety 
criteria defined in the preceding chapter. 

a) The necessity to avoid highly pressurized and pressure-generating 
coolants results in the elimination of all fluids with a low boiling 
point, such as water and even sodium, and of all gas-producing 
substances, such as water again, which can produce hydrogen by 
pyrolysis, radiolysis, or chemical reaction with a metal as 
zirconium. For these reasons lead (5), which has a boiling point of 
1737 deg C, has been selected as the coolant. 

b) Lead is a neutron absorber, and therefore, to avoid an increase in 
reactivity, the fuel must be extracted from the moderating zone 
before the coolant. This implies that the fuel density must be 
higher than that of the coolant. These considerations lead to the 
choice of uranium carbide as the fuel. Its properties are listed in 
Sec. 5.5. 
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c) The decay heat removal criteria for the fuel to have a high 
surface-to-volume ratio and to be highly mobile lead to fuel in the 
form of small spheres, a few centimeters in diameter. 

These choices result in further positive characteristics: 

d) Uranium carbide has a higher thermal conductivity than uranium oxide. 

e) Because the spheres are heavier than the molten lead, the coolant 
must flov upvards in the moderator zone, and the fuel must always 
enter and leave the moderator from the bottom. Thus a grid (6) 
located at the top of the core gives very good fuel sphere stability 
as the spheres are pushed firmly against it under the dynamic head of 
the coolant flow. 

2.3 Full-Power Heat Removal 

The molten lead, at approximately 600 deg C, leaves the graphite zone (7) and 
flows down under gravity through three primary heat exchangers (8). Three 
secondary circuits (9) contain lead vhich is pumped through three steam 
generators (10) outside the containment. 

2.4 Removal of Decay Heat 

After shutdown the spheres remain on rigid sieves situated just below the 
bottom of the core (11). In an annulus around the sieves (12) three 
additional heat exchangers (13) are connected to three cooling loops (14) 
designed to remove, in total, by natural convection, 3X of full power. This 
is the approximate decay heat level two minutes after shutdown. These loops 
use a lead-bismuth alloy as secondary coolant. 

2.5 rover Gas 

To prevent oxidation, nitrogen at atmospheric pressure has been chosen as the 
cover gas (17) in the reactor vessel dome, above the free coolant surface. 
During an accident in which the reactor vessel fractures it is possible for 
air from the vessel-containment zone to enter the vessel and mix with the 
cover gas. However, it is unnecessary to differentiate between pure nitrogen 
and a nitrogen/air mixtuie as far as heat transfer is concerned. Thus, in the 
following discussions of severe accidents, to simplifiy description, the gas 
within the vessel will always be referred to as cover gas. 
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2.6 Accident Conditions 

Tubes surrounding the core (15) are normally closed at the bottom by caps (16) 
"floating" in the coolant. In the case of a loss-cf-coolant accident these 
tubes open as the coolant level falls and allow free circulation of the cover 
gas (17) around the fuel spheres lying on the fuel storage sieves. Thermal 
conduction, radiation and natural circulation of the hot expanded cover gas 
transfer core heat to the vail of the reactor vessel (19). This heat then 
passes to the metal wall of the containment (20) by natural convection of the 
air between the two. External cooling of the containment can be adequately 
achieved by natural convection losses to the atmosphere for a period of up to 
about 24 hours from the time of the accident. After this time it must be 
cooled by the addition of water spraying, at a rate which need not exceed some 
tens of litres per second (21). The structures and components inside the 
reactor vessel will probably remain intact, even in the case of the most 
severe accident envisaged, so that the greater part of the economic value of 
the plant will be preserved. 

2.7 General Comments 

The reactor system within the containment contains only the following 
materials: uranium carbide clad with silicon carbide, graphite, liquid lead, 
molten lead-bismuth alloy, and steel structural components. These materials 
do not generate a gaseous phase below 1700 deg C, with 'he exception of a 
small amount of lead vapour. Hydrogen generation is not possible and gaseous 
fission products are enclosed within the fuel cladding. During normal 
operation no parts of the vessel will be under more than approximately 31 bar, 
21 bar for pressure drop through the system and 10 bar static pressure. The 
reactor vessel is unpressurised externally. 

A secondary benefit of reducing the necessity for elaborate safety systems is 
that it may be possible to achieve substantial savings in capital costs. 
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3 CORE MODULE DESIGN 

The core of D Y O N I S O S consists of an assembly of many identical 
modules, one of which is depicted in Fig. 2. In this Section it is 
demonstrated that this core module satisfies all of the necessary mechanical, 
neutronic, thermodynamic and hydrodynamic constraints. 

Figure 2. Oore nodule 
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3.1 Mechanical Constraints 

The module must be stable enough to alliw the fuel spheres to leave the core 
even after damage following a severe earthquake. This is achieved as a 
by-product of the necessity '-o incorporate a relatively large volume of 
graphite, for neutron moderation, compared with the volume of fuel. 
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The ratio between channel and sphere diameters must be approximately 3:2. If 
it tends towards 1:1 the coolant flow area tends to zero, and if it tends to 
2:1 there is a risk of the spheres becoming trapped in the channel. The ratio 
is chosen to bo equal to 1.65 (see Sec. 3.5.). 

3.2 Neutronic Constraints 

A module must be overmoderated so that any decrease in the amount of fuel it 
contains, by spheres dropping out, does not increase reactivity. The module 
must be designed so that the level of fuel enrichment required is acceptable 
on both economic and political grounds, i.e. between 2% and 5X of 
uranium-235. The overall temperature coefficient of reactivity must be 
negative. 

These conditions are satisfied in the following design. Ovt-.rmoderation is 
achieved if the mass of graphite is large enough compared with the amount of 
fissile material. An increase in enrichment must be accompanied by an 
increase in the mass of graphite. The channel-to-channel pitch therefore 
depends on the channel and sphere diameters and on the enrichment. Table 1 
gives the values of the neutron multiplication factor for an infinite medium, 
k-infinite, as a function of uranium enrichment and channel pitch. The 
channels are assumed to be full of spheres and coolant, but fuel cladding is 
neglected. The calculations have been made with a cell code, assuming the 
fuel to be a cylinder. 

Table 1: K-INFINITE AS A FUNCTION OF ENRICHMENT AND PITCH 

pitch 

(cm) 

15 
16 
17 
18 
19 
20 

k-infinite 

enrichmen 

2 Z 

1.3872 
1.3905 
1.3902 
1.3869 
1.3812 

t (percenta 

3 Z 

1.5037 
1.5100 
1.5126 
1.5121 
1.5090 
1.5037 

ge of U-235) 

5 X 

1.6273 
1.6299 
1.6299 
1.6276 

Table 1 shows that overmoderation is achieved for: 
2% enrichment with pitch greater than 16 cm, 
32 enrichment with pitch greater than 17 cm and 
5% enrichment with pitch greater than 19 cm. 
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At the edge of a core the multiplication factor is reduced, giving a loss of 
moderation due to neutron leakage, but this is partly counterbalanced by the 
partial burn-up of the fuel. A pitch of 17 cm and an enrichment of 3% 
uranium-235 were selected as realistic for the power chosen 
for D Y O N I S O S i n this evaluation. 

With these conditions, the temperature coefficient of reactivity of the fuel 
due to the Doppler effect is: 

d(k-inf) 
= _ 7.4 E-6 / deg K 

dT 

A preliminary assessment has shown that the increase in plutonium content at 
the end of fuel life coes not significantly modify this characteristic. 

The temperature coefficient of reactivity of the lead coolant, due to density 
change, is: 

d(k-inf) 
= + 3.4 E-6 / deg K 

dT 

Ignoring moderator temperature change, in a situation such as a rapid pump 
coastdown, the coefficient if the lead io more than compensated for by the 
negative f-iel temperature coefficient as temperature rises. 

In a slow transient, when coolant and moderator temperatures change together, 
the temperature coefficient of reactivity of the graphite moderator and lead 
coolant combined is: 

d(k-inf) 
, - 6.0 E-6 / deg K 

dT 

Thus, in these transient situations where the fuel remains within the core, 
the overall temperature coefficient of reactivity is negative. 

3.3 Maximizing Burn-up 

In order to reduce fuel cost the burn-up should be as high as possible. The 
neutron multiplication factor k-effective, as a function of burn-up for the 
finite core of 2300 modules, is calculated and given in Fig. 3. for an 
enrichment of 3% uranium-235. A maximum burn-up of 25 MVd/kg is reasonable, 
corresponding to a period of 6 years for the power density chosen in Sec. 5. 
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Figure 3: Bumup-d*pend*nt k-cff 
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3.4 Thermal Design 

Consider a core module designed to produce a nominal thermal power of 156 kV 
with a coolant inlet-to-outlet temperature rise of 200 deg C (see Sec. 5). 
This requires a liquid lead flowrate of 4.8 E-4 m3/s per module. 

The detailed heat transfer from a pile of fuel spheres to liquid lead by 
forced convection has not yet been studied. However, a first estimate shows 
that there should be no difficulty in transferring heat from spheres in a 
module channel to the coolant, since the heat transferred from a sphere when 
in an agglomeration is higher than that from a single isolated sphere. 

3.5 Hydrodynamic Design 

The pressure drop and critical minimum velocity are the main criteria in the 
hydrodynamic design of the reactor core. 

The critical minimum coolant velocity is that for which the spherical fuel 
elements are held up inside the cylindrical fuel channels by hydrodynamic drag 
forces, against gravity. Determination of the critical velocity is not easy, 
since the spheres are piled up in a column and are not exposed to an 
undisturbed velocity field. To a first approximation the critical free-stream 
velocity, below which the spheres sink, is 0.25 m/s, but a more precise value 
remains to be determined by detailed calculation supported by experiment. 
Bowever, with the coolant flowrate defined in Section 3.4, a single module 
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channel of 0.033 0 diameter gives a free-stream velocity of 0.56 m/s, which is 
well above the estimated critical value. 

Pressure drop over the reactor core under steady state conditions is 
essentially proportional to the density of the coolant and to the square of 
its velocity. It is also a function of fuel channel length and diameter and 
the sphere diameter. The fuel spheres should be as small as possible to 
facilitate decay heat removal, but, on the the other hand, should not be too 
small since decreasing their size increases pressure drop. For a channel 
diameter of 0.033 m and a sphere diameter of 0.020 m the pressure drop over 
the reactor core is belov 21 bar. 

3.6 Fuel Design 

The fuel consists of uranium carbide enriched to 3X uranium-235 (see Section 
3.2.). A sphere coating of a 0.0001 m layer of silicon carbide will retain 
the volatile fission products and has a high hardness factor and very good 
sliding properties. In addition it has high thermal conductivity and good 
resistance to thermal shocks. 

A fuel density which is 83% of the maximum density of uranium carbide is 
approximately 5% higher than that of the coolant at 500 deg C. However, fuel 
density drops over its lifetime due to swelling and this must be considered in 
the design. 

Using the fuel diameter chosen for hydrodynamic reasons in the previous 
Section, to a first approximation the temperature difference between the 
centre and the surface of the sphere is around 125 deg C, with a thermal 
conductivity of 15 V/m K for the uranium carbide and a thermal power of 477 
Watt per sphere. 

3.7 Compatibility of Graphite and Steels with Liquid Lead 

During the past decade many investigations have been undertaken in Vest 
Germany concerning the use of liquid lead as a heat transport medium for 
chemical processes, taking high temperature heat from the HTR. These studies 
have confirmed earlier corrosion and mass transport research and allowed more 
accurate corrosion rates to be determined, mainly for chromium and 
chromium-nickel steels, in liquid lead in the temperature range 575 to 1127 
deg C. In France, also, research has been done and is still under way into 
the use of liquid lead in a molten salt reactor, at temperatures within this 
range. A system containing steel, graphite and circulating liquid lead at 
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temperatures above 400 deg C has inherent processes vhich cannot be 
eliminated. One of these processes is that certain elements, including 
carbon, oxygen and nickel dissolve in liquid lead. 

The solubility characteristics of carbon result in the transport of carbon 
from graphite to steel. Carburization and consequent embrittlement of steels 
become significant at temperatures above 400 deg C. This problem can be 
overcome by using a suitable thin metal cladding on the graphite to isolate it 
from contact with the lead. 

Nickel is three orders of magnitude more soluble than iron in liquid lead at 
60r deg C. Therefore nickel alloys and nickel containing steels are more 
strongly attacked by liquid lead than are such metals vith no nickel. 
Experiments have demonstrated that a corrosion rate of 0.1 micrometer/day at 
500 deg C occurs in chromium and chromium-nickel steels. Above this 
temperature it is difficult to find a suitable corrosion-resistant steel, 
especially for a pump. 
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4 COMPONENT DESIGN 

The illustration in Fig. 1 presents the overall layout of components 
in D Y 0 N I S 0 S. In this Section the core, reactor vessel, containment 
and safety installations of the reactor are described. The present design 
of D Y 0 H I S 0 S has a power of 360 MW (thermal) and 150 MW (electrical) to 
allow direct comparison to be made with other inherently-safe reactors 
currently being designed. 

4.1 Reactor Core 

This thermal rating leads to a reactor core consisting of 2300 graphite core 
modules of the size described in Section 3 and illustrated in Fig.2. Under 
normal steady state operation each module is filled with 327 fuel spheres 
giving a core total of 750000. The core approximates to a cylinder with a 
diameter of 9.2 m and height of 5.0 m. 

Tubes around the core, 0.50 m in diameter, permit the circulation of cover gas 
by natural convection in the case of a loss-of-coolant accident. 

The region below the reactor core is designed so that falling fuel spheres are 
distributed evenly over fuel storage sieves (see Sees. 2.4 and 4.2). Under 
normal operating conditions coolant velocity in the region of the fuel storage 
sieves is lower than the critical velocity. Thus fuel spheres, which h3ve for 
any reason dropped from the graphite blocks, remain on the storage sieves 
without being lifted back into the fuel channels. An increase in reactivity 
due to an increase in the amount of fuel in the core is thus prevented. 

4.2 Fuel Storage Sieves 

The fuel storage sieves are designed as fuel catchers which must retain the 
fuel spheres under all possible accident conditions. They are disposed in 
three or four layers, so that the falling fuel will be distributed in many 
small piles. During a normal shutdown the sieves are completely covered by 
liquid lead and decay heat is removed by natural convection loops (see 
Sec. 4.7). In the case of a L0CA the piles are small enough to be cooled by 
natural convection of nitrogen or air, by heat conduction and by radiation, 
without their temperature rising above 1600 deg C. This is the temperature 
which has been accepted as the upper limit for the similar fuel spheres of the 
HTR and is the limit which has been adopted for D Y 0 N I S 0 S. 
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4.3 Reactor Vessel 

The inner part of the reactor vessel contains the reactor core, fuel storage 
sieves and the heat exchangers of the natural convection loops. The outer 
part contains the primary lead-to-lead heat exchangers and the primary pumps. 
Tubes allowing natural circulation of expanded cover gas or air, in the case 
of a LOCA, are situated between the two regions. The pipes of the secondary 
loops and of the decay heat removal systems cross the reactor vessel above the 
core. 

When an accident disrupts all normal thermal connections between the core and 
the secondary circuits, decay heat must be removed from the reactor vessel by 
means of radiation and natural circulation of air to the containment. The 
natural convection component can be enhanced by mounting fins on the outside 
of the reactor vessel. 

4.4 Containment 

The containment is constructed from steel and contains air at atmospheric 
pressure. All auxiliary facilities and equipment for power production are 
located outside. After a LOCA, an external spray cooling system sprinkles 
some tens of litres of water per second on the outer surface of the 
containment to remove the decay heat. Under all other shutdown or accident 
conditions this external containment cooling is not required. The tubes of 
the secondary heat transfer loop and the connections to the natural convection 
air coolers situated outside the containment are the only large components 
penetrating the containment wall. This design avoid3 the presence of any 
source of high pressure production inside the containment. 

4.5 Primary Coolant Circuit 

The cooling system is divided into three equal circuits, Containing three 
rotary pumps situated in the outer plenum. Lead is pumped from the outer pool 
through the graphite modules into the upper plenum, vhere there is a free 
coolant surface below the reactor vessel dome. The coolant then flows down 
under gravity through the three primary lead-to-lead heat exchangers before 
returning to the lower plenum and pump inlet. 

The surface of the coolant in the outer region just covers the primary heat 
exchangers during normal operation, and is below the level of the bottom of 
the core. This difference in level between the inner and outer coolant pools 
is necessary to allow coolant to drop from the core during a loss-of-flow 
situation. 
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4.6 Primary Circuit Beat Exchangers 

The three primary circuit heat exchangers also use lead on the secondary side 
to avoid having high pressure gas or vater systems in the reactor vessel. The 
primary side of the heat exchangers works under gravity with a pressure drop 
of about 7 bar, while the secondary side of each exchanger contains a pump. 

4.7 Natural Convection Loops 

The three heat exchangers of the natural convection loops are located in an 
annulus betveen the fuel storage sieves and the lower zone of the outer 
plenum. The secondary sides contain a lead-bismuth eutectic having a melting 
point of 125 deg C, and are each designed to remove about IX of the full 
thermal power of the reactor, giving a combined capacity of 3X full power. 
The three loops together are sufficient for decay heat removal 2 minutes after 
a loss-of-flow accident or at normal shut down. After 17 minutes two alone 
are capable of removing the decay heat. The circuits are connected to three 
heat exchangers situated outside the containment, cooled by air and each 
designed to remove 3.6 MW. These natural convection loops function 
continuously during normal reactor operation. 

4.8 Radiation Shielding 

Radiation shielding is partly effected by the reflection characteristics of 
the graphite in the core during normal power production. During a normal 
reactor shutdown or after a loss-of-flow accident the fuel spheres are 
shielded by the liquid lead surrounding the fuel storage sieves. Additional 
shielding for normal operation has not yet been designed. 
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5 LAYOUT OF D Y O N I S O S 

5.1 General Description 

D Y O N I S O S represents one concept of an inherently-safe nuclear reactor 
with a nominal thermal power of 360 MW and an electrical output of ISO NV. 
The uranium carbide fuel elements, with an enrichment of 3%, are spherical and 
two centimeters in diameter. The average power density is 1.08 lcW/1, which is 
roughly one-sixtieth of the power density of a PUR, and total fuel mass is 
34.8 t, which is ?.5 times greater than that of a PVR of the same power. The 
low power density and high fuel load therefore result in a core of large 
dimensions, being 9.2 m diameter and 5.0 m high. 

A total of 750000 fuel spheres are distributed between 2300 graphite core 
modules. A flowrate of only 0.50 m3/s of molten lead coolant is sufficient to 
retain the fuel in the module channels under hydrodynamic pressure, but 
1.1 m3/s is necessary for heat transfer, giving a pressure drop over the 
reactor core of 21 bar. This pressure, added to the static head of the 
coolant, gives a total of 31 bar at the bottom of the vessel. The risk of an 
increase of the pressure due to the lead boiling is very small as its boiling 
point is, at 1737 deg C, well above design temperature. 

Coolant temperature rise over the core is 200 deg C. A Carnot efficiency of 
more than 40£ is then achieved with an outlet temperature of 600 deg C. 

The reactor vessel dome is filled with nitrogen above the coolant to eliminate 
oxidation (see Sec.2.5). 

Three lead-to-lead-bismuth heat exchangers can remove 3X of the design power 
by natural convection, giving adequate heat removal under all normal shutdown 
conditions. 

In the case of a LOCA the fuel is retained on storage sieves below the core, 
where it is cooled by radiation and thermal conduction to the reactor vessel. 
In addition, caps at the bottom of tubes around the core open spontaneously 
under gravity as the coolant level drops, permitting cover gas to reach the 
region of the storage sieves and to augment heat removal by natural convection 
to the vessel. 

Under all accident conditions the fuel drops out of the moderator zone and the 
reactor becomes subcritical. 

A variety of different running and accident scenarios are described in the 
following three sections. 
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5.2 Startup Procedure and Full-Power Operation 

Before the reactor is started up the lover plenua has to be heated until the 
lead is completely molten. This is perforaed by 4 HV of electrical heating 
over a period of 72 hours. The three priaary puaps are 
fill the core vith coolant froa below the fuel sieves, 
raised until the fuel spheres are lifted into the core 
reduce pressure loss, the coolant injection level is changed to a higher 
plane, entering just below the core and bypassing the sieves. When design 
flovrate has been reached the control rods are reaoved from the core and the 
reactor goes critical. 

then started up to 
Priaary puap power is 
channels. Then, to 

Coolant tube 
for nominal 
flowrate N. 

.Rising fuel 
spheres 

Outer 
ead level 

at nominal 
flowrate 

Primary 
heat 
exchanger 

:uel storage 
sieves 

Fig. 4: Schematic illustration of startup procedure. 
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5.3 Normal Shutdown and Loss-of-Flov Situations 

For a normal shutdown the control rods are lowered into the core. If there is 
no reason to shut down the main puaps, it is possible to aaintain forced 
coolant circulation through the core and keep the fuel spheres within the 
core. In this situation decay heat is reaoved by the primary heat exchangers. 

If the aain puaps are shut down the coolant and the fuel spheres flow back 
through the core until there is a uniform coolant level throughout the reactor 
vessel. The spheres are retained on the fuel storage sieves .-Jid are kept 
co/ered throughout by the coolant. Decay heat in the fuel is removed by free 
convection of the coolant, which in turn is cooled by the natural convection 
lead-bisauth heat exchangers. 

Vith a pump failure at full reactor power, the coolant and the spheres drop 
back through the core into the lower plenum and the reactor becoaes 
subcritical. Decay heat is '.hen reaoved as before. 
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free convection 
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exchanger for 
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Fig. S: Shutdown after puap failure. 
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5.4 Loss-of-Coolant Accident 

D T O N I S O S i s designed to avoid core meltdown under the worst accident 
conditions, a LOCA. In such a situation the coolant escapes to the 
containment floor and can no longer cool the fuel, which has fallen onto the 
storage sieves. An alternative cooling mechanism is then invoked - that of 
natural convection of cover gas as the caps of vertical tubes around the core 
begin to open in sequence, at different levels in different tubes. Initially, 
as coolant level drops below the core, the uppermost "floating" caps 
simultaneously open, and natural circulation of gas begins, down through these 
tubes, over the topmost fuel sieves and up through the core channels. As the 
level drops further, additional caps open as they are uncovered, down to the 
lowest level of the vessel. Wher. the fuel is completely exposed gross 
convection through the entire sieve zone conveys decay heat to the vessel 
wall, augmented by radiation and conduction. 

Natural convection in the air between the reactor vessel and the containment 
transfers heat from the finned outer surface of the reactor vessel to the 
containment wall. This in turn is cooled by an emergency cooling spray of 
water on the outside, which only needs to he turned on 24 hours after the 
accident. 

Fig. 6: Schtrctlc illuttrttlon of • LOCA. 



5.5 Main Characteristics of D Y O N I S O S 

Thermal pover 

Electrical output 

Fuel: Uranium carbide 

Melting point 

Thermal conductivity 
Density (83 X of max. theoretical density) 
Swelling after 30 MVd/kg 
Enrichment by U-235 
Diameter of spherical fuel elements 
Veight of fuel in one sphere 
Total number of fuel spheres in the core 
Total mass of fuel 
Fuel sphere thermal pover at design pover 
Fuel sphere heat flux at design pover 

Moderator: Graphite, in the form of core modules 

Core module: 0.17 m x 0.17 m x 5.0 m high 

Diameter of vertical fuel channel 
(one per module) 
Mean number of fuel spheres per channel 

Core: 2 300 graphite core modules 

Mean overall diameter 
Overall height 
Mean pover density 

Primary circuit: Liquid lead 

Melting point 
Boiling point 
Density at 500 deg C 
Nominal total mass flovrate 
Core inlet temperature 
Core outlet temperature 
Mean free-channel coolant velocity in core 
Critical minimum coolant velocity 
Pressure drop over reactor core 

Composition 

Melting point 
Boiling point 

360 

150 

2270 

MU 

Mtfe 

deg C 
15 W/m K 

11.0 kg/1 
1 
3 

0.020 
0.046 

750 000 
34 800 

477 
380 

X 
X 
m 
kg 

kg 
V 
kV/m2 

0.033 

327 

9.2 
5.0 
1.08 

327 
1 737 
10 500 
11 400 

400 
600 

ore 0.56 
0.25 
21 

m 

m 
n 
kW/1 

deg C 
deg C 
kg/«3 
kg/s 
deg C 
deg C 
m/s 
m/s 
bar 

.ead-bismuth eutect 

Pb 44.5 
Bi 55.5 

125 

vtZ 
vtX 
deg C 

1 670 deg C 
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6 CONCLUSIONS 

The concept of "floating" fuel, in the form of small spheres, has been adopted 
in D Y 0 N I S 0 S, to allow the reactor to be critical only if the primary 
heat removal system is operational. This is a major factor in enabling the 
design to fulfil the conditions required for inherent safety. It is unique 
among current reactor designs, as it seems possible to be able to achieve 
shutdown and adequate heat removal in all accident situations with no human or 
mechanical intervention ever being required, with the exception of a LOCA. 

In a LOCA, decay heat is removed by radiation, thermal conduction and natural 
convection of cover gas to the vessel, and by natural convection of air from 
the vessel to the containment. The latter is cooled from outside, vithout 
risk of irradiation or contamination, by an external emergency waterspray 
cooling system. However, the heat capacity of graphite, lead and steel cause 
the thermal transients to be slow enough to make external spraying of the 
containment unnecessary until 24 hours after the accident. 

D Y O N I S O S appears to be inherently safe, even in the case of severe 
earthquake, with full guillotine breaks in all tubes linking the interior and 
exterior of the containment. Such a severe accident is normally never 
considered, because its probability is one or even tvo orders of magnitude 
lover than the currently accepted core melt probability of 1. E-4 per year. 

Inherent safety may put a limit on the currently spiralling costs of safety 
systems, but, in this design, at the expense of requiring a large core volume 
to achieve the low power density which is necessary. 

Finally, in many types of accident the design of D Y O N I S O S prevents the 
destruction of the majority of the reactor components and consequent loss of 
financial investment. 
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