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Abstract

Reactivity effects of fuel pin melting under flow blockage
conditions and the consequences of resulting power excursion are
analysed for Indian Prototype Fast Breeder Reactor fuelled with
oxide, carbide and metal cores. Reactivity addition under
melting of different segments of pins and slumping downward is
calculated. It is observed that upto the melting of 6-sub-
assemblies in the case of oxide core and a melting of 7-sub-
assemblies for carbide and metal cores, the fuel pin melting and
fuel slumping does not lead to a severe power excursion and the
reactivity feedback of the systems can nullify the positive
reactivity from fuel melting and slumping.

1. Introduction

Fuel melting under flow blockage conditions is to be
analysed to evaluate its safety implications. The phenomena of
fuel melting and its movement is quite complex to analyse
theoretically. Experiments carried out to understand this
behaviour indicate^ that fuel sweeps out of the core due to
fission gas pressure and coolant flow. However, theoretical
possibility of fuel moving towards core centre does exist. Fuel
molten in the upper part of the core when moves towards core
centre, leads to positive reactivity addition. Fuel molten in
the central part of the core when moves towards the bottom of the
core, would give rise to negative reactivity. To assess the
consequences of such meltdown, it is of interest to know that if
a portion of the fuel melts in the upper part of the core and
slumps toward the core centre and bottom what would be the
maximum reactivity addition rate that would result from different
number of fuel pins melting and what would be severity of the
resulting power transients. The study is carried out for Indian
Prototype Fast Breeder Reactor, PFBR which is in the stage of
detailed design at Kalpakkam and is a 1200 MWt power, sodium
cooled and pool type reactor. The study is performed for three
different types of core, i.e core fuelled with oxide, carbide and
metal fuels and relative comparison of the severity of the
incident in the three cases, is made.
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In section 2 below, the theoretical modelling aspects are
presented. Section 3 provides the results of calculations and
section 4 gives the conclusions.

2. Theory

Reactivity changes resulting from fuel melting and its
movement are calculated using reactivity worths of fuel, clad and
coolant. The fuel is assumed to fall freely under gravity forces
for calculating the velocities of fuel movement. The velocities
provide the reactivity addition rates that would result on
melting of different segments of the fuel pins. The severity of
the power excursion initiated from such reactivity changes is
determined using the transient analysis code, CRT^'3 which is
based on the simultaneous solution of reactor point kinetics
equations alongwith the heat transfer equations applicable to the
core cooling channels. The reactivity feedbacks from Doppler,
axial expansion of fuel and clad and expansion coolant and the
spacer pad expansion are accounted in the calculations . The
reactivity feedbacks from radial blanket is ignored.

3. Results

The worths of the 10-cm segment of the fuel, clad and
coolant removal from the core along the core height for central
sub-assembly of PFBR for the three fuels are given in Table 1.
Table 2 gives the velocity and time taken by the molten fuel to
cross successive segment of 10 cm in its downward motion due to
gravity. Any friction that the molten fuel may experience, is
neglected. The Table 2 also provides the worth of the 10 cm
section of fuel pin in the central channel along the core length
for the three fuels. Based on this, we calculated the reactivity
gain and reactivity addition rates that may result when the top
10 cm, 20 cm, 30 cm, 40 cm and 50 cm segment of a fuel pin melts
and slumps under gravity towards the bottom of the core. It is
observed that maximum reactivity addition rates result when top
30 cm of the fuel pin melts and slumps. The results are given in
Table 3 for the three cases. It is assumed for simplicity that
the reactivity addition rate in each of the segments is linear.
Typical time variations of net reactivity and rates of reactivity
addition for the top 10 cm fuel pin melting and slumping are
shown in Fig. 1.

The time behaviour of reactor power and core material
temperture for reactivity addition rates indicated in Tables 3
have been studied. For conservative calculations, the positive
values of the gain in reactivity are taken 20% higher. The
results in terms of reactor power and peak fuel, clad and coolant
temperatures as a function of time for different reactivity
addition rates for PFBR fuelled with the oxide, carbide and metal
fuels respectively are given in Table 4,5 and 6. For determining
the maximum number of fuel pins that can melt but do not initiate
a severe power transient, we apply the criteria that during the
resulting reactivity initiated power transients, the net
reactivity in the system remains less than one dollar, fuel
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temperture do not cross its melting point, the clad temperature
remains less than 700° C and the coolant temperature is less than
its boiling point (900° C). The respective melting temperatures
for the three fuels i.e. oxide, carbide and metal fuels are 2750°
C, 2385° C and 1160° C respectively.

It can be seen from the results of Tables 4-6, that for the
oxide core, the melting of 1300 fuel pins does not lead to
dangerously severe power excursions. Since there are 217 pins in
the oxide fuel sub-assembly, this number corresponds to 6 sub-
assemblies. Thus the melting of central sub-assembly and 83% of
the pins in the first ring containing 5 sub-assemblies would not
lead to a dangerously severe power excursion. In the case of
carbide core, the number of such fuel pins melting is 1100. The
number of pins per sub-assembly being 127, this corresponds to
eight sub-assemblies, i.e. melting spreading just beyond the
first ring of sub-assemblies. In the case of metal core, the
number of fuel pins melting is 1520. The number of pins per sub-
assembly being 217, this correspond to the seven assemblies i.e.
melting upto first ring of sub-assemblies.

4. Conclusions

The study indicated that for Indian Prototype Fast Breeder
Reactor(PFBR) fuelled with oxide fuel, the melting of 1300 pins(6
sub-assemblies) does not lead to a dangerously severe power
excursion. The peak reactivity reached is 0.746$, peak power
reached is 4.3 times the nominal power and all the temperatures
remain less than their limiting values. In the case of carbide
and metal fuels, such a number of pins is 1100 and 1520 which
corresponds to 8 and 7 fuel sub-assemblies respectively. Net
reactivity and peak power rise are higher for carbide and metal
cases.

Acknowledgement : It is gratefully acknowledged that the values
of reactivity worths of core materials were provided by Dr.T.M.
John of Reactor Physics Division, IGCAR, Kalpakkam, India.

5. References

1. H. Alter et al, "Progress and Future Plans in PFR/TREAT
Safety Testing Programme" Proc. Int. Conf. Science and
Technology of Fast Reactor Safety, Guernsey, U.K. May
12-16(1986).

2. M.V. Parikh, S. Ponpandi and Om Pal Singh, "CRT - A
Computer Code for Analysing Controlled Reactivity
Transients in LMFBRs" Internal Note No.REDG/01140/RP-
281 (1985).

3. Om Pal Singh, S. Ponpandi, R. Harish and R. Shankar
Singh, "Response to Small Reactivity Perturbations in
an Oxide and Metal Fuelled Medium Sized LMFBR" Annals
of Nuclear Energy, 20,5,315 - 319 (1993).

- 5 2 3 -



Table 1
Fuel/SS/Na Worths (pcm) in Central Channel of PFBR- for Different Fuels

Axial
Zone

Oxide
(pin dia .65 cm)

Carbide
(pin dia .883 cm)

Metal
(pin dia .650 cm)

Fraction

1

2

3

4

5

6

7

8

9

10

Sum

NSA

Np

No. of
pins

(pern)

Worth
per pin

Fuel SS Sod.

.328 .253 .419

- 20.9 - 0.5 - 0.5

- 28.4 + 3.4 + 1.2

- 36.5 + 7.5 + 3.0

-42.9 +10.8+4.5

- 46.2 + 12.5 + 5.2

- 45.6 + 12.2 +5.1

- 41.3 + 10.0 + 4.1

- 34.1 + 6.4 + 2.5

-25.8 +2.3 +0.7

- 18.2 - 1.1 - 0.7

- 339.9 + 63.5 + 25.1

1.19

217

258.23

352

Fuel SS Sod.

,355 .252 .393

20.1 - 0.6 - 0.3

27.8 + 3.5 + 1.4

36.1 + 7.8 + 3.3

42.7 + 11.2 + 4.8

46.2 + 13.0 + 5.6

45.7 + 12.7 +5.4

41.3 + 10.5 + 4.5

34.10 + 6.9 + 2.9

25.6 + 2.7 + 1.0

17.9 - 1.0 - 0.5

337.5 + 66.7 + 28.1

1.19

127

151.13

371

Fuel SS Sod.

.338 .24 .414

- 23.4 - 0.2 + 0.2

- 32.5 + 4.5 + 2.4

- 42.0 + 9.4 + 4.8

- 49.6 + 13.3 +6.8

- 53.6 + 15.4 +7.8

- 53.0 + 15.1 +7.7

- 48.1 +12.6+6.4

- 39.9 + 8.4 +4.3

- 30.1 +3.6 +1.9

- 21.1 - 0.8 -0.1

393.3 + 81.3 +42.2

1.19

217

258.23

382

- 1.316 + 0.246 +0.097 - 2.233 + 0.441 +0.186 - 1.523 +0.315 +0.1

NSA = No. of subassemblies in the ring
Np = No. of fuel pins in the subassembly

= delayed neutron fraction.
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Table 2

Fuel Pin Reactivity Worth per 10 cm Segment and Time Taken for

Free Fall of Fuel in Successive 10 cm Segment Along the Core Length

Distance v t Worth per segment of pin (pcm)
from top (cm/s) (ms) •

Oxide Carbide Metal

10 140 143 .081 .133 .091

20 198 59 .110 .184 .126

30 243 45 .141 .239 .163

40 280 38 .166 .282 .192

50 313 34 .179 .306 .207

60 343 30.6 .176 .302 .205

70 370 27.5 .160 .273 .186

80 396 26.5 .132 .225 .154

90 420 24.5 .100 .169 .116

100 443 23.5 .071 .118 .082

Total 451.6 1.316 2.233 1.523

Note 1: Worths are with positive sign for addition of material and
negative sign for removal of material.
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Table 3

Reactivity Gain (pcm) and Reactivity Addition Rates (pcm/s) for Top 30cm

Fuel Pin Melting and Slumping for Every 10 cm

Distance Fall Oxide Carbide Metal
from top Time

(ms) gain ramp gain ramp gain ramp
(pcm) (pcm/s) (pcm) (pcm/s) (pcm) (pcm/s)

10 MOLTEN
20 MOLTEN
30 MOLTEN
40 143 0.085 0.594 0.149 1.042 0.101 0.706
50 59 0.069 1.169 0.122 2.068 0.081 1.373
60 45 0.035 0.778 0.063 1.400 0.042 0.933
70 38 -0.006 -0.158 -0.009 -0.237 -0.006 -0.158
80 34 -0.047 -1.382 -0.081 -2.382 -0.053 -1.559
90 30.6 -0.076 -2.484 -0.133 -4.35 -0.089 -2.908
100 27.5 -0.089 -3.236 -0.155 -5.636 -0.104 -3.782

Total positive
gain in
reactivity

0.189 0.334 0.224

Table 4

Results of Reactivity Transients Initiated by Fuel Pin Melting

and Slumping (Oxide Core)

No of pins melted = 1300

Time
(ms)

0
147.5
207.5
237.5
312.5
372.5
462.5
522.5
717.5

Slump
Reactivity

($)

0
0.4.123
0.7220
0.8284
0.6950
0.0906
0.0341
0.0341
0.0341

Net
reactivity

($)

0
0.3942
0.6718
0.7460
0.5369

- 0.0675
- 0.1038
- 0.0948
- 0.0804

Power
(MW)

1107
1859
3547
4735
2841
1237
1176
1175
1163

Tfuel

(°C)
2410
2436
2487
2538
2675
2701
2702
2702
2697

Tsteel

(°C)
605
606
609
611
624
635
645
650
657

m

cool

(°C)
562
562
562
563
567
575
586
593
604
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Fig 1 - TYPICAL VARIATION OF REACTIVITY ( / )
AND REACTIVITY RAMP( i ) lN FUEL PIN
MELTING AND SLUMPING-
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