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ABSTRACT

Simplified analysis of the performance of the PRISM RVACS decay
heat removal system under off-normal conditions, i.e., without the liner
spill-over, is described. Without the spilling of hot-pool sodium over
the liner and the resultant down-flow along the inside of the reactor
vessel wall, the RVACS system performance becomes dominated by the radial
heat condition and radiation. Simple estimates of the resulting heat
conduction and radiation processes support GE's contention that the RVACS
performance is not severely impacted by the absence of spillover, and can
improve significantly if sodium has leaked into the region between the
reactor and containment vessels.

INTRODUCTION

In support of the U.S. Nuclear Regulatory Commission, Brookhaven
National Laboratory provides technical evaluations of advanced reactor
concepts, including GE's advanced liquid metal reactor (ALMR) design,
PRISvl.1-2 The analysis discussed here pertains to the PRISM design reviewed
by the U.S. N.R.C. between 1986-89 rather than a modified version currently
under development at G.E.3

The only safety-grade decay heat removal system in PRISM, the Reactor
Vessel Auxiliary Cooling System (RVACS), relies in part on expanded (hotter)
sodium spilling over a liner within the reactor vessel, and directly heating
the inside of the reactor vessel wall. Heat is then radiated across a gas-
filled gap to the containment vessel wall, which in turn radiates heat to a
collector plate - and both surfaces give off heat via convection to upward
flowing air (natural draft) as indicated in Figure 1. (BNL's evaluation of
RVACS performance is discussed in Ref. 4.)

Should the sodium level in the hot pool be too low, the sodium might
have to boil in order to trigger the spillover, and such high temperatures
would be unacceptable. A low sodium level could be caused by a leak from the
reactor vessel, which could eventually fill the between-vessels gap (14 cm
wide). This plausible scenario was examined first, and was determined to
result in lower temperatures than those predicted for the nominal RVACS
performance. A second less plausible scenario was also examined-in which it
was assumed that the sodium inventory was either far too little initially or
that the sodium leaking from the reactor vessel simply disappeared. In this
second case, system temperatures are predicted to be higher, but the increase
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may be acceptable. It is noted that this analysis is performed in only one
dimension, i.e., radially outward to the RVACS air-flow region. There is,
of course, some variation in temperatures at higher elevations. However, the
radial gradient near the top of the vessel should be similar to that near the
bottom, even though absolute temperatures may be 50 to 100 degrees K higher
at the top. Since there is little heat loss out the top or bottom of the
vessel, and becausa this calculation is meant to be a simple check of a far
more sophisticated computer analysis, the neglecting f axial variations in
temperatures is believed to be a credible approach.

CONTAINMENT VESSEL HEAT LOSSES

The heat transfer from the containment vessel wall, at axial average
temperature To< is via direct convection and via radiation to the collector
surface (T ) and then by convection from that surface to the air. The
pertinent equations are:

\ = Mc (Tc ' V (la)

q = hA (T - T ) (lb)
o o o a

q = O 6 A (T 4- T4) (lc)
r o o c

where h is the heat transfer coefficient to the air, q is the heat transfer
across the surface (watts), A is the surface area, o is the Stefan-Boltzman
constant, e is the thermal emissivity of the vessel surface (0.7), and
subscripts c,o,a, and r refer to the collector, the containment vessel o_uter
surface, the air, and thermal radiation.

Under equilibrium conditions, the amount of heat transferred to the
collector surface must equal the heat transferred from the collector surface
to the air, q = q . Further, the total heat removed from the containment

r c
vessel (and the system), q is the total of q and q . Thus,

a e A (T4 - T4) = hA (T - T ) (2a)
o o c c c a

q = a € A (T4 - T4) + hA (T - T ) (2b)
o o c o o a

The areas in Eqs. 1 and 2 were evaluated using GE's estimate for the
sodium level in the gap between the vessels. The axial average temperature
and the heat transfer coefficient for the air were estimated for nominal
RVACS operating conditions.

For containment vessel surface temperatures (T ) ranging from 500 to
1000K, Eqs. 2a and 2b were solved (iteratively) for the collector temperature
(T ) and the total heat removal. The solution tables were fitted (R2 = 1)
using third order polynomials:

T = 373.15 + 150.43 Q - 10.423 Q2 + .89395 Q3 (3a)
o



T = 468.27 - 1.1425 T + 2.6203 x 10"3 T2 - 1.0148 x 10"6 T3 (3b)
c o o 0

where Q is in Megawatts and the temperatures are in Kelvin.

REACTOR VESSEL LEAK CASE

Under postulated leak conditions, sodium leaks into the containment
vessel, as indicated in Figure 2. This both helps and hurts RVACS
performance, improving the heat transfer to the containment vessel, but
reducing heat transfer to the reactor vessel because there is no longer
sufficient sodium in the reactor vessel for the liner spill-over to occur.
Under normal RVACS operating conditions, that is after the reactor scrams,
the pumps trip, and other heat removal systems fail, the sodium flow rate
through the system is quite low, approximately 25 kg/s.5 In regions near the
reactor vessel, the fluid velocity drops to less than 1 cm/sec. Without
sodium spillover, the sodium must pass through the IHXs rather than outside
of the liner, so the flow rate would be even lower. In addition, the sodium
outside the liner is stationary. Therefore, the heat removal from the sodium
is essentially a one-dimensional (radial) heat conduction process to the
containment vessel wall:

5 In (r /r )
T = T + 4 E x ~ 1 X («)5 o TnZ . . k.

i=l i

where i varies from 1 for the inside surface of the containment vessel to 5
for the inside surface of the liner.6 The radii vary from r for the outside
of the containment vessel to rg for the inside of the liner. Thermal
conductivities were evaluated at 700K using functional fits.7 Equation 4
reduces to:

T = T + 28.59 Q (5)

where Q is in MW.

Within the reactor vessel there are several structures having thermal
conductivities significantly lower than that for sodium. As a result, the
transport of heat out from reactor is largely dependent on the flowing
sodium, particularly due to the shielding regions around the core itself.
Since the flowing sodium passes near the liner at various stages, thermal
conduction is still a major factor in transporting the heat to the RVACS
system.

Under low flow conditions, the sodium flows upward into the hot pool,
down through the IHXs, down the outside of the shielding (inside the liner)
up through the shielding to the EM pumps, down through pipes running from
the pumps to the core inlet plenum, and then up through the core. A survey
of the structures and geometry within the reactor vessel indicates that the
largest transfer of heat from the flowing sodium will be (1) as it passes
down through the IHXs, (2) as it passes between the shielding and the liner,
and as it passes through the pipes to the inlet plenum. Heat conduction from



the central region of the flowing sodium to the liner wall was estimated for
each of these key regions and summed to obtain the estimate:

T = T + 50.71 Q . (6)

Thus, for a given rate of heat removal, Q (in MW), the average sodium
temperature passing through the pseudo-loops (flowpaths within the pool) will
be 50.71 times the heat loss rate above the liner temperature. For example,
if 2 MW of heat is being given off to RVACS and if the liner is at 600K (on
average), then the average temperature of the sodium is 701.4 K.

It is noted that the timing involved in transporting the sodium through

the system or in establishing equilibrium thermal gradients is neglected in

this analysis. This is due to the very long time period of interest, as

RVACS heat removal events typically extend for tens of hours, and the fluid

transport delays are insignificant in comparison-

Equations 3a, 5, and 6 were solved corresponding to heat loss rates

ranging from 1 to 4 MW, with the results shown in Figure 3. Note that with

the gap full of sodium, the reactor and containment vessel temperatures are

quite closely coupled.

The correlation between the average sodium temperature and the heat
removed was fitted (R2 = 1) to be:

Q = - 1.3614 + 3.0677 x 10~3 T (7)

+ 1.835 x 10"6T2 - 5.034 X 10" 1 0 T3

where T is in K and Q is in MW. This correlation and those for heat transfer
from the containment vessel are shown in Figure 4. Note that Eq. 7 and
Figure 4 provide a very useful correlation, i.e., the rate heat is given off
to RVACS as a function of the average sodium temperature in the vessel.

The behavior of the overall PRISM reactor system during a long heat-up
event can be characterized by a simple energy equation:

MC ^- = Q. - Q. , (8)
p dt M xloss

where Q^ is the decay heat, (nominal for this analysis), Q|oss is the total
heat leaving the system - in this case the loss through RVACs as given by Q
in Eq. 7, and MC represents the heat capacity within the containment vessel.
This equation has been used previously to determine the rate of heat up in
the event of loss of all heat removal systems - including RVACS.5

In this case, Eq. 7 is substituted into Eq. 8 in order to determine
the heat-up during the RVACS with leakage event. Results of this calculation
are shown on the lower curve in Figure 5. GE's computer predictions for the
reactor outlet temperature during the same event are also shown in Figure 5.
These temperatures are about 60K below those predicted for the reference
RVACS event (without leaks), and appear to pose little threat to the PRISM



reactor system. As the reactor outlet temperature should be roughly half of
the core temperature rise above the average sodium temperature, much of the
difference in the curves is readily apparent.

In order to further investigate differences between the GE and BNL
calculations, half of the time dependent core temperature rise from GE's
analysis of the reference RVACS event (no leak) was added to our prediction
for the average temperature. The results are shown on the third curve in
Figure 5, and closely track GE's results. Further, in the leakage case, the
sodium flowpath friction increases as the sodium passes through the IHX and
the sodium flow rates would likely be lower. This would result in higher
core temperature rises, which would account for some of the remaining
discrepancy. Regarding the PRISM RVACS system, the performance under
conditions where a sodium leak has filled the gap between the vessels,
thereby preventing liner overflow to develop, appears to be quite
satisfactory. The gap between the two vessels was designed, in part, so that
such a postulated leak would not pose a severe challenge to the PRISM
reactor. This analysis supports GE's contention that such an event can be
accommodated safely with the current gap between the vessels.

CASE OF THE MISSING SODIUM

While unlikely, it is conceivable that the vessel could contain too
little sodium for the spill-over to occur. In order to estimate the outcome
of such a situation, we assumed that the key quantity of sodium simply
disappeared, and then repeated the analysis.

With sodium between the vessels, the outside of the reactor vessel is
only 7.14 times Q (MW) hotter (K) than inside of the containment vessel, as
indicated in Figure 3. Without sodium in the gap, the heat transfer is
almost exclusively by thermal radiation, i.e., of the form described by Eq.
lc. Substitution of gap parameters into the thermal radiation equation
results in the relation:

4 4 10
T 2 = Tl + 9 > 6 7 9 x 1 0 Q <9>

Eq. 9 is then substituted into Eq. 4 and an alternate version of Eq. 5 is
acquired. The temperatures corresponding to values of q between 1 and 4 MW
are calculated, with results as shown in Figure 6. Note that the temperature
difference between the two vessels is greater than that for the previous
vessel leak case (Figure 3), although the difference decreases at higher
temperatures.

The correlation between the average sodium temperature and the heat
removal was fitted (R = 1) for this case to be:

Q = -0.11946 - 2.0103xl0"3T + 6.2242xl0~6 T 2 - 1.6493xl0~9 T3 , (10)

where Q is again in MW and T in K. This correlation and those for heat
transfer from the containment vessel are shown- in Figure 7 for a range of
sodium temperatures. The trends are similar to those in Figure 4 for the
vessel leak case, although the curves are shifted (right) to somewhat higher



temperatures.

To analyze the transient for the case of the missing sodium, Eq. 10
was substituted into Eq. 8, and the result was integrated up to 60 hours.
Results of this calculation are plotted as the bottom curve in Figure 8. In
order to estimate the reactor outlet temperature, half of GE's estimated core
delta-T was added, as was done in the vessel leak case. The result is shown
in the highest curve in Figure 8. As was the case for the vessel leak, the
resultant core cutlet temperatures estimates are likely to be somewhat low,
because the system flow rates will be reduced when there is no spill-over.

For comparison, GE's predicted core outlet temperatures for the
reference LOHS event, i.e., RVACS working with normal spill-over, are
included in Figure 8. While peak temperatures are reached earlier when there
is spillover, the temperatures are not dramatically lower in the reference
case.

The peak temperature estimate in Figure 8 is about 915K, and occurs
about 40 hours into the event. If the discrepancy shown in Figure 5, which
maximizes at less than 20K, is added to the nominal of 915K, a peak reactor
outlet temperature in *:he range of 935K would be expected. This temperature
is in excess of ASME level C limits, but the reactor vessel would be about
100K lower due to the radial temperature gradient. This temperature is
significantly below (1) the ASME service level D limit of 977K, (2) the
"eutectic" alloy solidus temperature of 973K, (due to metal fuel's high
thermal conductivity, the fuel and cladding would not be significantly hotcer
than the sodium), (3) the sodium saturation temperature of approximately
1200K, and (4) GE's peak mixed mean core outlet temperature limit (for up to
1 hour) of 1033K. The margins relative to these limits are quite
significant, and sufficient to cover some uncertainty and conservatisms.
Thus, for an event that appears to be marginally credible, the major concern
would probably be with respect to investment protection.

CONCLUSIONS

The results of these relatively simple calculations, based on thermal
conduction, radiation, and heat capacity, support the analyses and
conclusions presented to date by GE.12 For the vessel leak case, system
temperatures are significantly lower than for the nominal RVACS events so
this case does not appear to pose significant safety problems. Regarding the
case of the missing sodium, the lack of sodium spillover does not appear to
increase system temperatures high enough to trigger major safety concerns.

The results of these calculations are important for two reasons.
First, the use of simple analytical methods to confirm that computer
calculations are at least approximately correct is a high priority,
particularly for predictions regarding new designs. Second, this simplified
analytical approach produced results similar to those generated by GE using
more detailed modeling, indicating that this type of analysis may be further
utilized, e.g., for sensitivity studies.
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Fig. 1. PRiSM During RVACS Cooling Event (No Vessel Leak)
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Fig. 3. Equiltxium Temperatures vs.rieal Load lor Postulated Lawk Evanl
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Fig. 5. Calculated Sodium Temperature* for Postulated Leak Event
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