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A B S T R A C T .

An heterogeneous design and a homogeneous one of a LMFBR core with the

same power and similar dimensions are compared from the safety point-of-view.

The comparison is performed for several accident conditions, such as Loss-of-

Flow and Transient Overpower, with the same failure criteria and model assump-

tions for both cores. Qualitative trends are deduced from the behaviour of

the core designs in the investigated transient conditions.

1. INTRODUCTION.

In order to improve the safety features of the LMFBR, the use of cores

with a low positive contribution to the sodium void reactivity effect is consi-

dered for large power reactors. A number of alternative designs have been re-

cently examined as a substitution to the conventional cylindrical core with two

zones of fuel enrichment and surrounded by breeder material (e.g. [!]). Among

those core designs, the introduction of breeder layers into the fissile fuel co-

re regions is often foreseen according to various patterns. These designs are

called heterogeneous (or unconventional) in comparison with the homogeneous (or

conventional) one.

The heterogeneous cores have advantages first from the breeding and doubl-

ing time point-of-views [2] • Previous studies (namely [3] [4] [5] [6] ) pointed out

the influence of internal blanket elements on the radial power distribution,

Doppler effect, sodium void reactivity coefficient and fuel cycle performance.

Then, for tha safety aspects, the comparison of core merits from steady

state features, such as reactivity coefficients only, is insufficient and the

possible advantages have to be evaluated by detailed whole core accident studies.

In Che frame of core design studies, it is moreover important to understand the

core dynamics in accidental situations, as early as possible in a plant design.
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The present paper compares the behaviour of an heterogeneous design and a homo-

geneous one of a LMFBR core with same power and similar dimensions in three

different accident conditions. The objective is to deduce qualitative trends

from complete accident calculations using the same assumptions and computer co-

des for two preliminary designs of a large fast reactor core.

2. MAIN CORE FEATURES.

Both cores have the same active height (95 cm) and axial blanket thickness

(2 x 40 cm). The homogeneous design (HO) consists of 486 subassemblies distri-

buted into two enrichment zones. The heterogeneous design (HE) includes a large

central fertile island of 37 subassemblies and several smaller groups and par-

tial rings of internal blanket elements dispersed in the fissile core part (see

Fig. 1). The outer diameter of the fissile and fertile pins are respectively

7.6 mm and 11.6 mm. The outer core diameters are 2.2 m (HE design) and 2.0 m

(HO). The volume fraction of fertile material in the HE core is 29 Z.

The geometrical representation in an axisymmetrical model uses 12 channels

for HE (see Fig. 1) and 9 channels for HO (6 in zone 1, 3 in zone 2).

The initial nominal core power (s 1300 MWe) is fitted in the comparison to

obtain the same maximum linear power, about 385 W/cm, for both preliminary de-

signs. The reactivity coefficients are evaluated by a 12 group 2D(RZ) neutron

diffusion and perturbation calculation, for a "Beginning of Equilibrium Cycle"

condition. Although this condition does not correspond to the peak values of

sodium worth, there is still an important difference between power rating of

fertile and fissile subassemblies and this situation was deemed interesting for

a qualitative comparative analysis.

The following table compares some parameters as well as the radial power

distribution.

Core

Number of subassem-
blies

Doppler coeffi-
cient (g)

Total Na void (?)

Positive Na void
(Í)

Radial power dis-
tribution (per)
channel)

HO

486

- 1.76

3.56

4.64

1/0.89/0.91/0.77/0.88/0.71
/0.74/0.78/0.57

HE (* for inner blanket)

438 + 145*

- 1.89

2.49

2.43 + 1.12*

0.02/0.86/0.19/0.99/0.99
/0.17/0.97/0.17/0.996/0.19

/1/0.77
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The total Na void coefficient is reduced by 30 % in HE compared with HO,

the positive void only by 23 Z, but when one considers the fissile channels alo-

ne, the reduction is 47 Z. The Doppler coefficient of the HE core is 7 Z more

negative than for the HO core due to the presence of fertile materials inside

the core.

The maximum fuel centreline temperature at steady state for both cases is

about 2000°C and the maximum clad mid-wall one, about 54O°C. An orificing is

assumed to obtain nearly uniform steady state temperatures of the coolant at the

outlet of the fertile and fissile channels.

3. SCOPE OF THE COMPARATIVE ACCIDENT ANALYSIS.

Three different situations are considered hereafter for the hypothetical

accident initiator = a loss-of-flow (LOF) incident, a transient overpower (TOP)

due to a 1 $/s reactivity insertion ramp and a slower reactivity perturbation of

20 cents/s. The action of the safety shut-down system is excluded.

The HCDA computer codes used for the simulation are the CAKMEN-2B code [7]

for the initiation or predisassembly phase and the KADIS code [8] for the core

disassembly using the ANL equation of state. There are several simplifications

in the models or the assumptions of these calculations. Most of them are pessi-

mistic and the qualitative comparison gives valuable trends for the core beha-

viour under accident conditions.

Main assumptions are :

- the axial expansion reactivity effect is neglected ;

- there is no fuel motion inside the pins before failure, nor clad relocation ;

- the molten fuel slumping outside the pin and the material dispersion phenoiaena

are investigated in parametric variations ;

- the incipient boiling superheat is 10°C ;

- the sodium boiling module uses a two-bubble slug model with vapour pressure

gradient in the bubble and liquid film vaporization and condensation ;

- an energetic FCI model is used without fuel sweeping effect ;

- the pin failure criteria are based on molten fuel fraction and cladding tempe-

rature ;

- the switch over to disassembly depends on volume averaged temperature in hot-

test fuel volume (3100°C for the LOF, 3300cC for both TOP).
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4. ANALYSIS OF THE ACCIDENT EVOLUTIONS.

4.1. LOSS-OF-nOW.

4.1.1. This accident is due to the simultaneous failure of all the primary pumps,

which induce a quasi-exponential decrease of the core flow rate (reduction of

69 7. after 5 seconds and 82 % after 12 seconds).

The timing of thé considered phenomena for both cores is indicated on Table

I. The boiling sequence is very different. For the HO core, the succession of

boiling is rather progressive and the nucleation times are rather well distribut-

ed. For the HE case, there is more than 1 second of delay between the boiling

initiation in the last fissile channel (channel 12), and the first fertile one

(channel 3) ; on the other hand, the four hottest fissile channels start to boil

into a time interval of 44 ms. This high coherence of boiling is due to the re-

lative power of those four channels, always higher than 0.988. It is a conse-

quence of the flatter power distribution in the fissile channels compared with

the HO core, and also of the rather uniform steady state coolant temperature

profiles due to the orificing.

Fig. 2 compares the relative power evolutions for both cores since first

boiling till the end of the disassembly phase ; the point D corresponds to the

transfer to disassembly. The figures along the curves refer to the boiling

start in the corresponding channels.

Fig. 3 shows the main reactivity feedback components for both L OF initi-

ation phases with an extension beyond the disassembly start. The continuous

succession of channel voiding start in the HO core provides an increasing void

reactivity effect and a power peak at the disassembly onset after 988 ms. For

the HE core, the voiding of the fissile channels first induce a peak of positive

reactivity, but the development of the bubbles into the lower blanket and in

channel 12 introduces a negative reactivity component and the void reactivity

feedback remains around 1 $ (almost completely voided fissile channels) till the

boiling start in the fertile channels. During this time interval, the negative

Doppler feedback becomes very slowly more negative due to the combined contri-

butions of fissile and fertile channels and the power tends to decrease slight-

ly. The voiding of the fertile channels induces a second big increase in the

net reactivity and in the power histories, till the assumed conditions of core

disassembly are obtained after 2.46 s.
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For all the fissile channels, the first bubble originates near the inter-

face core /upper axial blanket ; for the fertile ones, it appears 25 cm above co-

re mid-plane in the positive effect region. Fig. 4 compares the evolution of

the envelope of the sodium vapour bubbles in channel 1 (HO), in channel 4 (fis-

sile HE) and channel 3 (fertile HE).

4.1.2. The start of molten fuel slumping takes place when 60 % of fuel is molten

in the hottest channel mesh. The slumping has a relatively small influence in

the HO case due to its late occurrence, 15 ras before switch-over to disassembly.

In the first comparison, the slumping effect is made negligible for both HE and

HO cases. As no fuel dispersal due to fission gas is considered in this first

case, the accident calculation is forced into a disassembly phase.

The Table I provides the main results of the disassembly phase (the energy

of molten fuel normalized to 1 for HO is 10 053 MJ). The reactivity ramp rates

transferred from the initiation phase are very small and the net reactivities

are both fairly less than 1 $. The energy stored in the molten fuel at the dis-

assembly end for HE is 67 % of the value for HO, but the total energy release

since the beginning of the accident is 112 % due to the much lenger initiation

phase in HE.

In the particular conditions of HE, no fertile fuel is molten during the

mild disassembly and at the end, only a small amount of fuel is vaporized. One

can question the simulation of non-molten fertile materials by some regions of

the hydrodynamic disassembly model, so that the validity of the comparative re-

sults is only qualitative.

4.1 .3. Indeed, the fuel motion effect plays an important role, especially if

conditions of fuel dispersal are reached. A short parametric study is performed

with a fuel slumping model to illustrate these important effects of fuel motion

in the HE core. The code MAXICO calculates the axial motion of molten fuel out-

side the cladding under the forces of gravity, vapour pressure, friction and due

to the possible presence of fission gases. The model is similar to [9] using a

Lagrangian mesh. The parameters are estimations of the gas density at molten

fuel slumping start and the release rate by unit of specific power. The code is

coupled with the main CARMEN-2 code by means of the reactivity effect in each

channel. No plugging is assumed here.

Three cases are considered, apart from that one described in the previous

paragraphs ; they correspond to : (A) no gas, slumping under gravity ; (B) fuel

dispersal due to high gas content ; (C) moderate gas content and delayed fuel

dispersal. The gas release parameters for case (C) are : initial density =
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10 g/cm fuel ; final density — 11.25 times initial value ; release as func-
-12 3

tion of specific power unit = 0.6 10 (g/cm /J/g).

The first situation (Ã) induces fuel compaction during the first part of

the slumping and has a global positive reactivity effect, which adds to the core

voiding effect. The second case (B) yields an immediate negative fuel motion

reactivity and the conditions of disassembly onset are never reached. Fuel dis-

persal shut-downs the small power excursion due to core voiding. The third case

(C) with moderate fission gas release corresponds to a slightly positive slump-

ing reactivity effect at the beginning, followed by a strong negative effect due

to fuel dispersal. The temperature conditions assumed for a disassembly start

are just reached, but the "classical" disassembly could not be achieved because

the net reactivity decreases continuously at that time and afterwards.

The Table II gathers some typical results. The end of fuel dispersal is

assumed when the net reactivity becomes less than - 5 Í. The Doppler reactivity

feedback effectively limits the power excursion until fuel dispersal can termin-

ate the transient for cases (B) and (C).

A progressive reduction of total energy release is noticed with the increa-

se of fission gas release after slumping initiation, but one very important fea-

ture is the completely different core configuration at the accident end : the

case (Â) provides 77 % of molten fuel and 2 % of vaporized fuel, while only 12 Z

of fuel is molten for case (B).

4.1 .4. It is believed that such a LOF accident initiator leads to the so-called

"transition phase" [10J , dominated by progressive fuel failures in the core with

intact structures, interactions between fuel and clad motion, possible channel

blockage formation and gradual core disruption until a permanently subcritical

configuration is achieved. Nevertheless, the large uncertainties of some pheno-

mena and the complexity of computer simulations exclude up to now to describe

such a phase for a design - oriented early accident study. That is a reason why

the L OF-driven-T OP voiding scenario is kept here for the core comparison.

4.2. 1 $/& TRANSIENT OVERPOWER.

A 1 j5/s ramp is a severe hypothetical reactivity insertion ; in practice, a

continuous control rod withdrawal in a large core could only produce a ramp of

a few cents/s (see section 4.3.).
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The failure criterion for the initiation of a fuel -coolant interaction is

based on the fraction of molten fuel in the hottest channel mesh so that the in-

teraction is initiated near core mid-plane and has an immediate positive reacti-

vity effect. The FCI model is a conservative one, of the Cho and Wright type

[11], without fuel sweep out. An energetic hydrodynamic disassembly is thus

clearly induced, especially for this 1 SS/s case.

The Table III compares the main results for both core designs. (The energy

of molten fuel for the HO core, normalized to 1, is 44 770 MJ).

The more coherent failure sequence in the HO core between 6 and 6.63 ms of

relative time induces a steep increase of void reactivity and of power ; the po-

wer and net reactivity are much higher for HO than for HE at the disassembly on-

set, although the energy releases at that time are rather similar. The milder

disassembly of the HE case provides only one half of the energy stored in the

molten fuel calculated for the HO one, but the molten fuel fractions are similar.

It comes out that the HE core has advantages for this accident.

Fig. 5 compares the core lay-out at disassembly start for both designs with

the limits of FCI zone and of the molten fuel part for each channel and also at

the disassembly end. It points out the problem of the simulation of initially

unmolten fertile channels located between high power fissile ones with vaporized

fuel, by means of the hydrodynamic Lagrangian model.

4.3. 20 CENTS/i REACTIVITY INSERTION.

The reactor core transient behaviour for this slower T O P is somewhat dif-

ferent.

The Table IV yields the main results for both designs (the energy stored in

molten fuel for HO, normalized to 1, is 26 013 MJ).

Fig. 6 compares the normalized power evolutions for the initiation and

disassembly phases with a change of scale at the first fuel failure. The figu-

res along the curves refer to the FCI start, in the corresponding channels ; the

point D indicates the transfer to disassembly. Fig. 7 shows the reactivity

component histories during the initiation phase extended beyond the point D.

Pin failures occur around core mid-plane, conservatively.

The development of a voided region around the channel mid-plane induces a

positive reactivity insertion. For HO, the successive failures of core centre

channels 1 and 2 within a 10 millisecond delay allows the net reactivity to
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'A

exceed I $ after 13 ms and the power increases rather progressively so thai: the

disassembly starts before the failure of other core channels. In the faster

1 $/s case (section 4.2.), the net reactivity at first failure is 1.7 times

higher than for the 0.2 iS/s case, and the FCI zone has no time to develop very

much in the positive void reactivity region before the failure criterion is ful-

filled in the other channels. Consequently, the voiding reactivity increase, in

the 1 $/s case, is due to the addition of small contributions of several channels

while in the 0.2 g/s case, it is due to an important contribution from a few chan-

nels.

For HE, the channel 4 alone has a relatively low positive void contribution

and induces a small step in power. The contributions of channels 5 and 9 must

be awaited for to start a pronounced reactivity increase and to obtain a prompt

critical net reactivity. Although the global accident is faster than the LOF

case (see section 4.1.), the delay between the first failure (channel 4) and the

following is longer due to the fuel melting criterion dependence on the power

level and core kinetics, while the boiling inceptions in the LOF case are ini-

tiated by the global flow reduction without influence of the transient power le-

vel.

Finally, although the timing of the 0.2 $/s transient is different for HO

and HE, the final results from the point-of-view of energy releases are very si-

milar and there is no decisive factor for either design.

5. TRENDS DEDUCED FROM THE COMPARISON.

Summary trends can be deduced from this comparative study of two cores with

the same models and the same assumptions. Are pointed out :

- the significant slower behaviour of the HE design after first failure, which'

is related with a stretched out failure sequence and slower positive reacti-

vity ramps. The lagging evolution induces an increase of about 10 to 25 %

of the energy release during the initiation phase for HE. However, the energy

release during the disassembly only is often reduced, but not more than about

50 % in the most favourable investigated transient ;

- the important effect of failure incoherencies in the channels on final re-

sults. A large incoherency in a process is generally equivalent to a reduced

total reactivity effect of this process. It applies especially to the diffe-

rences between fertile and fissile channels in HE. But this aspect depends

rather strongly on the steady state characterization of the core (e.g. rela-

tive linear power of the channels, power-to-flow ratios) and is not the same

in the LOF and TOP accidents ;
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- the decisive impact of material motion sad possible fuel dispersal on the ac-

cident history, especially for the slower ones. The short parametric survey

of molten fuel slumping reactivity effect in the LOF case of the HE core

shows t.he sensitivity of the various shut-down scenarios to variations in fis-

sion gas parameters ;

- the non negligible contribution of the Doppler effect in the fertile subassem-

blies. They have a rather low initial temperature at the "Beginning of Cycle"

and consist of high diameter pins, so that their heat storage capacity before

failure is large. The contribution of fertile zones to the Doppler effect is

included between 20 and 30 7. according to the cases, while they do not (yet)

contribute to the total void effect ;

- finally, given the limitations of the models, the assumptions of the calcul-

ation and the uncertainties of the phenomenology, both HE and HO core designs

are more or less equivalent on the safety point-of-view. For the 1 j5/s TOP

case especially, an advantage of the HE appears for what concerns the energy

release, but is not systematically confirmed by all the other cases. Three

different initiators are indeed a minimum amount of conditions to be analysed.

6. CONCLUSIONS.

The present comparative study provides qualitative trends which are very

useful to understand the various influences of phenomena which could occur dur-

ing the transients initiated by typical LI1FBR core incidents.

However, it is necessary to be very cautious on the use of such trends,

because only a detailed safety analysis using "evaluation model" computing tools,

can yield final statements on the safety merits of a core. On the other hand,

improved understanding and modelling of some basic phenomena should be obtained-

from experimental results to provide "best estimate" modules.

Even if no decisive conclusion is obtained here, the objective of the qua-

litative comparison of early designs for a large LMFBR core is fulfilled : it

appears that both proposed cores are more or less equivalent on the safety point-

of-view and an optimization work should continue, based also upon investigations

in other design fields to improve safety features as well as other essential as-

pects of the LMFBR.
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LOSS-DF-FLOW MAIN RESULTS

- T A B L E I I I -

1 í / í T O P ACCIDENT MAIN RESULTS

Phenonenological sequence p for

the first boiling channel

Boiling cine (s)

Molten fuel slumping start , .
after ( o s )

Disassembly onset after (ms)

Boiling channel sequence
(with relative time (ms))

Onset of disassembly :

Normalized energy release (ref *

HO)
Normalized power (steady state
- 1.0)

Net reactivity (S) and
ramp (g/s)

Ramp rate (net minus .*, *
Doppler) U / s '

Core molten fuel fraction

Disassembly results :

Duration (ms)

Normalized energy release

Normalized energy of molten fuel

Molten fuel fraction

Normalized total energy release
since LOF start

HO

n'l

9.705

973

988

1(0) 5(223)
3(236) 2(316)
4(580) 8(674)
7(876) 6(886)

9(979)

1

171

0.974/-6.24

4.55

0.19

' 62

1

0.56

|
1

HE

n*4

11.069

2278

2457

4(0) 9(26)
11(26) 5(44)
7(127) 2(449)

12(829)
3(1865)
10(1875)
6(2229}
8(2315)

1.23

36

0.914/-9.9

3.73

0.14

75

0.53

0.67

0.51

1.12

Conditions at first failure :

Failure time (s)

Normalized energy release (re£.
- HO)

\
Failure sequence X
(with relative tine (ms)) I

[
\

Onset of disassembly :

FCX time (ms)

Normalized energy release

Normalized power (steady state
- 1.0)

Net reactivity (<)

Ramp rate (net minus iti \
Doppler) . lf/*>

Cote failed fraction (i.e. with
FCI)

Disassembly results :

Duration (ms)

Normalized energy release

Normalized energy of molten tuel

Molten fuel fraction

Normalized total energy release
since T O P start

- T A B L E

HO

1.727

!

1(0) 2(2.6)
5(6.0) 3(6.1)

7(6.41)
8(6.44)
6(6.58)
4(6.63)

6.63

t

6807

1.55

224

0.88

1.56

1

1

0.90

1

IV -

HE

1.648

1.08

4(0) 5(8.6)
9(9 2)
11(10.8)
7(11.7)
2(12.3)

12.69

1.09

3228

1.17

135

0.75

6

0.46

0.50

0.87

0.73

20 CENTS/s T O P ACCIDENT HAIK RESULTS

- T A B L E I I -

SUMMARY OF PARAMETRIC RESULTS FOR L O F (HE CORE)

Gas parameter multiplier

Limit conditions in the initiat-
ing phase :

Time of disassembly onset,
or of maximum fuel temperature,
since »tart o£ boiling (s)

Maximum fuel temperature (*C)

Normalized power (steady state
• 1.0)

Net reactivity U )

Fuel motion reactivity ($)

Disassembly or fuel dispersal
evolution :

Maxicum normalized power

Maximum reactivity (S)

Haxinum molten fuel fraction

Duration (since slumping . .
stare) lnsJ

Normalized total energy release
(rci. *• cast A)

A

0

2.38

-

295

1.030

0.451

742

1.035

0.77

99+19

1

B

2

2.43

3386

0.75

- 1.95

- 2.76

5.9

0.55

• 0.12

55

0.75

C

,

(2.47)

2.55

3761

1.0

- 1.84

- 3.0

18.4

0.844

0.16

348

0.82

Conditions at first failure :

Failure time (s)

Normalized energy release (ref.
- HO)

Net reactivity (Ï)

Failure sequence C
(with relative time (ms)) (

Onset of disassembly :

FCI time (ms)

Normalized energy release

Normalized power (steady state
- 1.0)

Net reactivity ($)

Ramp rate (net minus /tf/ .
Doppler) <•*'*>

Core failed fraction

Disassembly results :

Duration (ns)

Normalized energy release

Normalized energy of molten fuel

Molten fuel fraction

Normalized total energy release
since TOT start i

i

HO

7.849

1

0.48

1(0)
2(10.44)

16.4

1

£47

1.173

112

0.17

7.7
1

1

0.E1

1

HE

7.425

1.08

0.45

4(0) 5(56)
9(63) 11(69)

69.6

1.09

845

1.22

105

0.51

5.2

0.995

1.04

0.90

1.C6
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î
I 77

//:

'A
ss

/ */ *

yj&
-+-i

I«'"!»
OS 1 IS 2

CORE LAY-OUT AT DISASSEMBLY START
TOP it fs HETEROGENEOUS DESIGN.

z

Ml
Ú
i

ft

i T

"H
Éi

j ;

MESH DEFORMATION AT DISASSEMBLY END
TOPICS HETEROGENEOUS DESIGN.

i i i i
NORMALIZED POWER VERSUS T I Æ . O ^ ^ s REACTIVITY NSERTION.
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REACTIVITY COMPONENTS VERSUS TIME
AFTER FAILURE (INITIATION PHASE)
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