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ABSTRACT

Failures in the shutdown heat removal system
of an LMFBR might lead to flow stagnation and
coolant boiling in the reactor core. At normal
operating power, the onset of sodium boiling will
lead to film dryout and melting of the cladding
and fuel within a few seconds. On the other
hand, both calculations and currently available
experimental data indicate that at neat fluxes
corresponding to decay heat power levels, boiling
leads to improved heat removal; and it limits the
temperature rise in the fuel pins. Therefore,
when setting safety criteria for decay heat re-
moval systems, there is no reason to preclude
sodium boiling per se because of heat removal •
considerations.

INTRODUCTION

It is well established that boiling of the
sodium coolant in an LMFBR is undesirable when
the power is at normal operating levels or
above. Numerous in-pile simulations of unpro-
tected loss-of-flow accidents at nominal power
and at higher power levels Q., 2) have shown that
melting of cladding and fuel follows within a few
seconds after the onset of coolant boiling. At
the lower power levels encountered during shut-
down heat removal, the situation is quite differ-
ent; and boiling of the coolant can actually be
beneficial. Under these low power-low flow con-
ditions coolant boiling improves the heat removal
from the fuel pins, and buoyancy due to toiling
increases the coolant flow through the reactor
core.

When coolant voiding occurs due to boiling,

a film of liquid sodium is left on the fuel
pins. As long as the liquid film remains, evapo-
ration of the liquid film provides very good heat
remcval from the fuel pins, whereas after film
dry-out there is very little heat removal from
the fuel pins. The key difference between low
power boiling and high power boiling is that at
high power sustained dry-out of the film occurs
over much of the active length cf the fuel pins,
whereas at low power sustained dry-out does not
occur.

Boiling of sodium after reactor shut-down is
a low probability event. Reactors &re designed
such that the core will be cooled and the coolant
flow rates will be high enough to prevent boiling
as long as a heat sink is available and natural
circulation flows have developed. If natural
circulation flows have been established, then
even without an ultimate heat sink, decay heat
will go into the heat capacity of the sodium and
structural materials of the whole system; and no
boiling will occur until the whole system heats
up to tha sodium satuartion temperature. The
only situation in which boiling will occur soon
after shutdown is during the transition from
forced to natural convection if staggered fail-
ures occurring at unfortuitous times interfere
with a smooth transition.

EXAMPLE

As an example that illustrates-how boiling
could come about under shut-down conditions and
that illustrates the beneficial impact'of coolant
boiling, a case involving temporary loss of feed-
water and staggered pump failures in a hypothet-
ical, 1000-MWe loop-type reactor was run in the
SASSVS-1 code Q , ±, 5). This case is a hypo-

Work performed under the auspices of the U.S. Department of Energy.

DISTniBUTION OF THIS DOCUMENT IS UffLfMTEO



3 t
thetical case for a hypothetical reactor, but
similar cases could probably be found for most
current LMFBR designs.

Six channels were used to represent the core
and radial blankets, as indicated in Table 1.
Also, an urheated bypass flow around the core was
modelled. During normal operation the bypass
flow amounted to about 3 percent of the total
primary flow. Outside the primary vessel the
primary and intermediate sodium pumps, the in-
termediate heat exchangers, the steam generators,
the intermediate loop loop expansion tasks, and
all of the connecting piping were modelled. The
middle of the 1HX was 4.7 meters above the core
center, and the middle of the steam generator was
9.4 meters above the core center.

started. To illustrate the impact of boiling,
the same case was rerun with boiling suppres-
sed. Figure 1 shows the cladding temperatures
calculated near the center of the core in channel
2S both for the case when boiling occurs and for
the case when boiling is suppressed. Wnen boil-
ing is suppressed, the peak cladding temperature
approaches melting; .whereas when boiling is al-
lowed, the cladding temperature never goes much
above the boiling point of sodium.
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Table
Reactor Core Channel

el Type

driver
dri ver
dri ver
driver
blanket
blanket

Relative
Power

1.0
.89
.82
.66
.29
.25

1
Power and

Relative
Flow

1.0
.91
.90
.76

1.48
1.31

Flows

Number of
Sub-
Assemblies

15
165
120
105
143
47

Fig. 1. The Effect of Boiling on Cladding
Temperatures

For this transient, at time zero the steam
generators dried out. The intermediate loop
sodium DUHV« tripped et ten seconds. A control
red scram occurred and the primary pumps tripped
at thirty seconds. The intermediate pony motors
tl\ri not runy but the primary flow coasted down to
pony motor flow of about ten percent of normal
flow. At 1Q'J seconds, the primary loop pony
motors stopped. At 315 seconds, feedwater was
restored to the steam generators.

By ths time the'primary loop pony motors
stopped, most of the natural circulation driving
heads had been destroyed. Because of the lack of
heat removal in the steam generators, the temper-
atures in 'he cold leg of the intermediate loop
had risen r.c the normal hot leg temperature and
the flow iiid dropped to about two percent of
normal flow. The combination of low flow and
hign inlet temperature on the intermediate side
of the IHX greatly reduced heat removal from the
primary system, so hot sodium made its way to the
bottom of the IHX and into the cold leg of the
primary loop. Also, after the control rod scrani
and before the primary pony motors quit, the
reactor power dropped faster than the primary
flow, so the outlet plenum and the hot leg of the
primary loop cooled off. The net result was that
the primary flow stagnated and actually went
slightly negative for a while after the pony
motors quit.

This case led to boiling in all of the
driver assemblies for periods of one to two min-
utes before, natural circulation heads tuere re-
established well enough to cool the core without
boiling. The power had dropped to about three
per cent of nominal power by the time boiling

EXPERIMENTAL VERIFICATION

Although there is little experimental data
available on boiling of sodium at decay heat
power levels, the data that are available indi-
cate that the boiling model in SASSYS-1 is either
conservative or accurate at low power levels, in
that the boiling model predicts sustained dryout
and overheating either before or at the same time
as the experimental data. Therefore, one would
expect that the cooling due to low power boiling
in a reactor transient such as the one described
in the previous section would be at least as
effective as that predicted by the code. One set
of experimental data that is available is from
the SBT series (6) run at ORNL. These tests
involved the boiTing of sodium inside a small
externally heated tube at heat fluxes correspond-
ing to decay heat power levels in a reactor. The
sodium was free to circulate in a loop, but the
only dri vino head for sodium flow was the natural
circulation gravity head. The SAS30 code (7),
using a boiling model similar to that in SASSYS-
1, correctly predicted (B) the power levels in
these tests for tfce onset of intermittent boil-
ing, the onset of sustained boiling, and the
onset of sustained dryout. While these results
are encouraging, they are not conclusive, both
because the geometry used was a single tube ra-
ther than a pin bundle, and because there was
considerable uncertainty as to whether the exper-
imental power levels were measured accurately.
Another series of low-power boiling experiments
(9) using 19-pin bundles in the THORS facility at
ORNL was recently completed. Tests 264A and 264B
started from an isothermal, zero power, zero flow



situation. The pin power was raised rapidly to a
specified power and then held constant while the
sodium heated up and boiled. A series of runs
were made at different power levels. Boiling
occurred at a power of 8.5 - 8.9% of the nominal
reactor power level. Sustained dryout occurred
at about 12.9% of nominal power (1£). SASSYS-1
calculations for these tests agree with the ex-
perimental value for the power at the inception
of boiling, but the calculations predict sus-
tained dryout at power levels lower than those
observed in the tests. The SASSYS-1 calculations
predict the onset of boiling at 8.72 of nominal
power, but they predict sustained dryout at about
11.5% of nominal power or lower, depending on the
parameters used in the boiling model.

One interesting aspect of these comparisons
of calculations with low power boiling data is
that some of the assumptions normally used in SAS
code boiling calculations do not seem to apply,
at least at low power. In order to come close to
patching the experimental data it is necessary to
set some key parameters to values that are much
less conservative than those normally used in SAS
boiling calculations at higher power levels.
Normally a Wai 1is two phase friction factor mul-
tiplier (UJ is used to calculate the drag be-
tween the vapor and the liquid film on the clad-
ding and the structure. This multiplier accounts
for wave instabilities in the surface of the
film. For a vapor fraction of 85% the Wallis
factor increases the friction factor and the
boiling region pressure drop by about a factor of
10. Agreement between SAS3D and experimental
data for the S8T tests was only achieved when the
Wall is multiplier was not used, when the Wallis
multiplier was used, SAS3D predicted sustained
dry-out in the SBT tests at power levels just
above the power level for the onset of boiling,
whereas both the experimental data and SAS3D
calculations without the Wallis multiplier gave
sustained dry-out only when the power increased
by about 60% above the power level at boiling
initiation.

Another key parameter in SASSYS-1 boiling
calculations is the minimum film thickness before
dry-out occurs. The SAS3D boiling model contains
a film motion model for the motion of the liquid
films on the cladding and the structure under the
influence of drag from streaming vapor, film drag
on the cladding or structure, axial pressure
gradients, and gravity. Film thickness varies
clue to film motion, evaporation, and condensa-
tion. Film dry-out is assumed to occur when the
film thickness reaches some miminum value. After
film dry-out occurs on the cladding, there is no
further heat transfer from the cladding to the
coolant at that point unless liquid sodium re-
enters and re-wets the cladding. When the film
motion model is used, a very small value, close
to zero, is normally used for the minimum film
thickness. The SASSYS-1 boiling model does not
currently contain a film motion model, and it
uses a static film treatment in which changes in
film thickness are determined by evaporation and
condensation. Nominal power boiling calculations
in SAS3D have indicated that film motion acceler-
ates film dry-out, but initial film dry-out times
can be predicted fairly well*with a static film
model if the minimum film thickness is set to 2/3

of the initial film thickness. This assumption
is equivalent to assuming that one third of the
dry-out process is due to evaporation and 2/3 of
it is due to film motion.

Table 2 lists some of the power levels for
THORS tests 264A and 264B; both experimental
values and those computed with SASSYS-1 using
various assumptions. In both the SBT tests and
the THORS tests 264A and 264B use of the Wallis
friction factor multiplier predicts sustained
dry-out much earlier than the experiments
indicate. It appears that the film instabilities
represented by the Wallis factor do not occur at
low power. Also, it appears that at low power
levels the vapor velocities are low enough that
film motion does not accelerate dry-out. Film
draining under the force of gravity may even
retard dry-out. The best agreement between
SASSYS-1 and the experiments was obtained with no
Wallis friction factor and with a very small
minimum film thickness. These assumtions were
used in the reactor case described in the
previous section.

Table 2
THORS Test 264A and 264B Power Levels

Onset of boiling, experimental
Onset of boiling, calculated
Sustained dryout, experimental
Sustained dryout, calculated:

Wallis friction factor, minimum
film thickness = 2/3 cf initial

No Wallis multiplier, minimum
film thickness ~ 2/3 of initial
value

per cent of
nominal power

8.5-8.9
8.7
12.9

8.8

9.8

No Wallis multiplier, minimum 11.5
film thickness = 10'" m

SIGNIFICANCE FOR REACTOR DESIGN

Even though boiling of the sodium will en-
hance the coolability of fuel pins at decay heat
power levels, sodium boiling is not a cure-all
for decay heat removal problems. The heat still
must be removed evantually from the sodium some-
where. Otherwise, the whole primary coolant
system will eventually heat up to the sodium
saturation temperature and pressurize until some-
thing breaks. Then the sodium will boil off and
leave the fuel uncooled. Also, even though
sodium boiling will prevent the melting of fuel
and cladding at decay heat power levels, the
sodium saturation temperature is high enough that
the cladding would be weak, and heating the clad-
ding to the sodium saturation temperature for an
extended period of time would lead to extensive
cladding failures in irradiated fuel pins. Even
if the sodium never quite reached the boiling
point, cladding failures might occur if the clad-
ding temperature were near the sodium saturation
temperature for an extended period of time.
Therefore, reactors should be designed so that
events that lead to high cladding temperatures



for an extended period of time are low-
probability events; not because sodium boiling at
decay heat power levels is a threat to the public
health and safety, but because extensive fuel pin
failures could lead to expensive cleanup opera-
tions and fuel replacement.
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