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ABSTRACT

The capability to simulate pipe ruptures has recently been
added to the SASSYS-1 LMR systems analysis code. Using this
capability, the consequences of severe pipe ruptures in both
loop-type and pool-type reactors using metal fuel were
investigated. With metal fuel, if the control rods scram then
either type of reactor can easily survive a complete double-
ended break of a single pipe; although, as might be expected,
the consequences are less severe for a pool-type reactor. A
pool-type reactor can even survive a protected simultaneous
breaking of all of its inlet pipes without boiling of the
coolant or melting of the fuel or cladding.

INTRODUCTION

A pipe rupture might occur almost anywhere in the primary or
intermediate piping; but the most severe consequences are probably
associated with a break in an inlet pipe near the inlet plenum, since this
can cause a sudden drop in inlet plenum pressure, leading to a sudden drop
in coolant flow through the core. If an inlet pipe breaks off completely,
the core flow can initially drop much more rapidly than the reactor power,
even with immediate detection and a rapid scram.- This leads to a high
power to flow ratio and an increase in fuel, cladding, and coolant
temperatures. With oxide fuel, the stored heat in the fuel can be an
additional consideration. Even after the control rods scram, the heat
flux to the coolant will not drop as fast as the power level, since the
transient heat flux to the coolant is determined by the current fuel knd
cladding temperatures rather than by the power level per se. There may
be enough stored heat in the fuel after the scram to boil the coolant. In
a metal fuelled reactor there is little stored heat in the fuel, and the
peak fuel temperature during normal operation is less than the sodium
boiling temperature. Some of the modelling issues encountered in pipe
ruptures that are not normally encountered in other transients are the
treatment of the rupture itself, the possibility of cavitation in the
pumps, leading to a reduction in pump head, and the possibility of the
formation cf cavitation bubbles near tha suDassembly inlet orifices
because the inlet plenum pressure can drop much more rapidly than the
subassembly flow rate, leading to essentially zero pressure near the inlet
orifices. The cavitation bubbles near the inlet orifices limit the rate
at which the core flow decreases. The cavitation bubbles in the
subassemblies are handled by the existing boiling model in the SASSYS-1
code . The rupture sink for a loop-type reactor and the treatment of pump



cavitation were recently added to the code.

SASSYS-1 MODELING OF PIPE RUPTURES

The SASSYS-1 modeling of a pipe rupture depends on whether the broken
pipe is in the pool of a pool-type plant or whether the break occurs in a
pipe outside the reactor vessel but inside a guard vessel. For a break
inside the pool, the rupture is treated as a flow junction with a pipe in,
a pipe out, and a valve that opens to the pool to simulate the rupture.
For a break outside the reactor vessel, the volume below the break between
the reactor vessel and the guard vessel is accounted for. Until this
volume fills with spilled coolant, the back-pressure at the break is just
atmospheric pressure. After the coolant level in the guard vessel passes
the break elevation, the gravity head of the coolant above the break adds
to the back pressure. In either case, an orifice coefficient in the pipe
stub left by the break is used to account for entrance and exit losses.
After a break in an inlet pipe near the inlet plenum, the inlet plenum
pressure drops and the pump flow increases, usually leading to cavitation
in the pumps. The model computes a required net positive suction head for
each pump as a function of flow and pump speed. The required net positive
suction head is compared with the applied net positive suction head to
determine the onset of pump cavitation. After the onset of cavitation the
pump head drops rapidly until the applied net positive suction head
exceeds the required net positive suction head and cavitation ceases.

PIPE RUPTURE CASES RUN

Pipe rupture cases were run for the FFTF reactor and the SAFR
reactor . FFTF is a conventional loop-type reactor with three primary
loops, and SAFR is a conventional pool-type reactor with two primary pumps
and two inlet pipes per pump. FFTF currently contains an oxide fueled
core, but a metal fueled core has been designed for FFTF, and the metal
core was used for this study. The cases run for this work were all worst-
case type of scenerios. They involved only complete double-ended breaks
of the inlet pipe right next to where it enters the inlet plenum. Both
the ruptured loop and the intact loops were represented in the
simulation. The one computational loop containing the rupture could
represent one or more real loops, so it could simulate the break of one
pipe or the simultaneous break of more than one pipe. For protected
cases, a rapid scram was assumed. The break was detected in .1 second,
and the control rods started moving in .3 seconds. Unprotected cases were
also run in which the power level was only reduced by inherent reactivity
feedbacks such as fuel axial expansion, core radial expansion, Doppler,
and coolant density. A five channel core treatment was used for FFTF, and
a three channel core treatment was used for SAFR. In both cases, channel
1 represented an average pin in the hottest subassembly. The peak
temperatures reported below are the hottest temperatures in channel 1.
These temperatures do not account for statistical hot channel factors or
overpower factors.



RESULTS

The results of the pipe rupture cases are summarized in Table I.
They are dicsussed in more detail in the following sections.

Table I. Summary of Pipe Rupture Results

Reactor

FFTF
(loop)

SAFR

Pipes
Broken

1 of

2 of

1 of

1 of
2 of
4 of
1 of
2 of

3

3

3

4
4
4
4
4

Protected

yes

yes

no

yes
yes
yes
no
no

Maximum Coolant
Temperature Rise (K)

118 (first peak)
153 (second peak)

boils at
t = 2.09
seconds

boils at
t = 2.09 seconds

56
80
115
382 22k below saturation
boils at
t = 3.51 seconds

Comments

power
= .086 at
boiling
no melting

melts

melts

FFTF Protected One-Loop Break

Figures 1-7 show the results for a protected pipe rupture of one pipe
in FFTF. The rupture occurs at time = 0, and the core flow drops almost
immediately to less than 25% of its nominal value as the inlet plenum
pressure drops. Although a scram occurs almost immediately, it takes most
of a second for the power to drop significantly, leading to a high power-
to-flow ratio for almost a second.

The sudden drop in inlet plenum pressure leads to cavitation bubbles
in the pumps and near the subassembly inlet orifices. The pumps trip with
the scram; but because the back pressure at the pump outlet drops
suddenly, the flow through the pumps initially increases, as shown in
Figure 1. Pump cavitation starts at about t = 0.3 seconds and continues
until about 3.5 seconds. Figure 2 shows the pump head for the pump in the
intact loop. The initial drop in pump head with the onset of cavitation
shows clearly. The recovery from cavitation is more gradual and is not as
obvious in this figure. At around t = 0.1 second the pressure near the
inlet flow orifices in the lower parts of the subassemblies approaches
zero, and vapor bubbles form there. These bubbles only last for about 0.1
second.



Figure 3 shows the peak fuel and coolant temperatures in the hottest
subassembly. Because of the rapid scram, the fuel temperature peaks early
at 0.46 seconds with a value of 1056 K, which is 21 K above the peak pre-
rupture fuel temperature. The coolant temperature peaks somewhat later at
1.14 seconds with a value of 971 K, which is 118 K above the peak pre-
rupture coolant temperature.

The sodium that goes out the rupture goes into the guard vessel
around the reactor vessel. Figure 4 shows the liquid level in the guard
vessel. At 12 seconds the liquid fills up to the rupture elevation and
the back pressure at the rupture starts to build up. The liquid level in
the guard vessel levels off at an elevation lower than that inside the
reactor vessel because the cover gas pressure in the guard vessel is one
atmosphere, whereas the cover gas pressure in the outlet plenum drops to
50 kPa as sodium spills out the leak, as shown in Figure 5.

The case was run out to 200 seconds to determine the transition from
forced to natural convection. Figure 6 shows the peak temperatures for
this extended time scale, and Figure 7 shows the power and flows. The
pumps stopped turning at 87 seconds. The core flow drops rapidly starting
at about 40 seconds, and it starts to recover at about 100 seconds. The
coolant temperature of 1006 K reached in the second peak at 122 seconds
exceeded the maximum in the first peak at 1.14 seconds. The drop in flow
that brought about the second peak was caused by an imbalance in flow
between the primary and secondary loops. During most of this transient
the primary side flow through the intermediate heat exchangers greatly
exceeded the secondary side flow. This lowered the thermal centers in the
intermediate heat exchangers and reduced the natural circulation gravity
head in the primary loop. When the pumps slowed down there was little to
drive the flow through the primary loops until the sodium in the core
heated up to provide more buoyancy.

In these calculations the pony motors were not used, and the pumps
coasted down to zero speed. A normal scram in FFTF results in the pumps
coasting down to pony motor speed. For the first 30 seconds of the
transient the pony motors would not make any difference, but after 30
seconds they would. Pony motor operation would greatly reduce or
eliminate the second coolant temperature peak.

SAFR Protected One-Pipe and Two-Pipe Breaks

Figures 8-10 show the results for complete double-ended breaks of
both inlet pipes connected to one pump in SAFR. As in the FFTF case, the
core flow drops very rapidly when the pipes break; but it does not drop as
far since the ruptures open to the cold pool which has a significant head
of sodium above the break location. Also as in the FFTF case, the pump
flow is limited to about 1.3 times its nominal value by cavitation. The
fuel temperature peaks at 0.3 seconds with a value of 1021 K, which is 9 K
above its initial value. The coolant temperature peaks at .93 second with
a value of 894 K, which is 80 K above its initial value. Again thers is a
second peak around 80 seconds as the pumps slow down and stop, but in this
case the second peak is not very high. As indicated in Table I, the
results for breaking a single inlet pipe in SAFR are less severe.



Protected Multi-Loop Breaks

Figures 11 and 12 show the results of a protected break of all four
inlet pipes in SAFR. After the break the core flow immediately drops to
about 15% of normal and then decreases slowly. Natural circulation
maintains enough flow through the core to remove the decay heat. The
coolant temperature peaks at 3.5 seconds at a value of 929 K and then
drifts slowly lower.

The results of a protected simultaneous rupture of two of the three
FFTF inlet pipes are more severe. The core flow goes slightly negative
for a few seconds after the break, and at 8 seconds the coolant starts
boiling. By the time that the coolant boils, the power level is down to
8.6% of nominal, and there is no stored heat in the fuel. The boiling
calculation was carried out for about 20 seconds of boiling with no dry-
out of the cladding. At this power level the boiling process can remove
the heat from the fuel pins and prevent melting of the fuel and
cladding. The boiling holds the fuel and cladding temperatures near the
coolant saturation temperature.

Unprotected Pipe Breaks

Figures 13 - 16 show the results of unprotected pipe ruptures in FFTF
and SAFR. In both cases a single inlet pipe was broken. In the FFTF case
boiling started at 2.09 seconds at a power level of about 75% of
nominal. In the SAFR case no coolant boiling occured; but this was a
marginal case, since the peak coolant temperature was close to
saturation. Accounting for statistical hot channel factors and overpower
factors might lead to localized boiling and possibly bulk boiling at a
power level near 60% to 80% of nominal in this case. These power levels
are much too high for boiling to maintain cooling of the fuel pins, and
melting of the fuel and cladding follows soon after the onset of extensive
boiling.

For an unprotected break of two inlet pipes attached to the same pump
in SAFR, boiling started at 3.51 seconds at a power level of about 80% of
nomi nal.

CONCLUSIONS

In conclusion, analysis with SASSYS-1 has shown that either a pool-
type or a loop-type liquid metal reactor using metal fuel can easily
survive a protected break of a single inlet pipe, although the results are
less severe for a pool-type reactor. A pool-type reactor can even survive
a simultaneous break of all inlet pipes without boiling. The FFTF reactor
does not have e-iough inherent reactivity feedback to survive a severe
unprotected pipe break without boiling of the coolant and melting of the
fuel. Because the flow transient is less severe in a pool-type reactor,
SAFR might survive the most severe unprotected single pipe break.
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