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Key safety characteristics of the PRISM reactor system include the passive-
reactor shutdown characteristic and the passive shutdown heat removal system,
RVACS. While these characteristics are simple in principle, the physical
processes are fairly complex, particularly for the passive reactor shutdown.
It has been possible to adapt independent safety analysis codes originally
developed for the Clinch River Breeder Reactor review, although some
limitations remain. In this paper, the analyses of postulated unscrammed
events are discussed, along with limitations in the predictive capabilities
and plans to correct the limitations in the near future.

I. INTRODUCTION

Of the advanced reactor designs currently under development in the
U.S., the PRISM Reactor1 is one of the most innovative, and one of the more
complex to analyze. In order to perform pre-application licensing analysis
for the U.S. Nuclear Regulatory Commission, Brookhaven National Laboratory
has adapted the SSC Code" to perform some of this analysis. However, there
are some events postulated that require more flexibility than is possible
with SSC, so the MINET Code^ is used to supplement the SSC calculations. In
this paper, we'll discuss some of these more involved scenarios and how we
are preparing to extend and improve on our current analyses.

II. THE PRISM REACTOR SYSTEM

The PRISM reactor vessel, its contents, as well as the containment
vessel and silo are illustrated in Figure 1. Normally the hot sodium leaving
the reactor passes into the Hot Pool and then passes downwards through two
intermediate heat exchangers and into the cold pool. The cold pool sodium is
then pumped through four electromagnetic (EM) pumps, eight short pipes to the
core inlet plenum, and then through the reactor.

Under conditions where there is failure to remove enough heat from the
primary system, the sodium will expand, and the hot pool sodium will
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eventually (a few hours) spill over the liner, establishing an alternate flow
path and increasing the heating of the inside of the reactor vessel. Once
this has occurred, the Reactor Vessel Auxiliary Cooling System (RVACS)
becomes fully functional, removing enough decay heat to prevent damage to the
reactor, the vessel, or key components. Even without the spill-over,
including under normal operating conditions, there is substantial heat
removal by conduction through the liner and through the (stagnant) sodium
between the liner and the vessel.

The PRISM reactor design is illustrated in Figure 2. A "limited free
bow" constraint system is utilized to assure an outward bow in the active
core portion of the assemblies (as long aa the peak temperatures are in the
center and decrease radially). The bowing is only one of several reactivity
feedbacks that are significant in PRISM, including the Doppler, sodium
density, fuel axial expansion, core radial expansion (via Grid Plate and Load
Pads), the control rod motion and drive line axial expansion, and the Gas
Expansion Module (GEM) feedbacks. Most of these feedbacks are negative, in
that increasing power and temperatures cause the core criticality
coefficient, k-effective, to decrease. Howsver, the PRISM core is large
enough that decreasing sodium densities, or voiding, adds reactivity.

III. PRISM SHUTDOWN AND HEAT REMOVAL

The PRISM reactor shutdown system utilizes six control/shutdown rods,
with each one capable of shutting the reactor down (except if there is wide-
spread sodium boiling). There is excellent diversity in the system, with
independent drives for each of the rods, and the likelihood of this system
failing entirely appears to be very small. In addition, the Ultimate
Shutdown System (USS) provides an alternate means of shutting down the
reactor, although this is a comparatively slow system. Finally, the
"passive-shutdown" mechanism will push the reactor power down significantly
in response to most postulated unscrammed events. In combination, these
systems make it extremely unlikely that PRISM would experience major damage
during an unscrammed event. However, because of the potential for reactivity
additions through sodium boiling or fuel relocation, one cannot dismiss this
class of events.

In the PRISM design, the use of sodium coolant and the relatively small
reactor power production make after-heat removal a fairly simple process.
Both the normal cooling and auxiliary cooling (ACS, via steam generator shell
cooling) systems can work well under natural circulation conditions, and yet
GE does not emphasize the reliability of these systems. Instead, GE
emphasizes the RVACS, and the fact it is very difficult to completely fail
this system. Even partial blockages of flow paths and other system
degradations are unlikely to lead to core damage. Finally, even if all three
heat removal systems fail completely, it would be at least twelve hours
before significant core damage would result.

IV. REPRESENTING THE PRISM SYSTEM

For a new and unique reactor system, the safety and licensing
evaluations must be based almost entirely on component test data and systems
analysis (at least until a prototype becomes available). For such work, the
validation base for analytical tools may also be fairly sparse. Therefore,
the preferred approach would be to utilize conservative, independent
analytical tools to confirm calculations submitted by the vendor in support
of the de.sign. This may not always be necessary or practical, but for the
key questions of reactor shutdown and decay-heat removal, it is clearly
desirable to use independent tools.

The SSC Code2 was developed by BNL for the NRC in the 1970s, primarily
to support the licensing analysis of the Clinch River Breeder Reactor Plant
(CRBRP). It has the type of detailed multi-channel sodium-cooled reactor
model needed to analyze the "passive shutdown" response in PRISM, and it has



been used extensively for this purpose in the initial evaluations of PRISM
using the system representation illustrated in Figure 3. The difficulty is
that SSC was developed when coolant system configurations were simpler
("loops" or "pools"), and it lacks the flexibility needed to simulate all of
the intricacies of the PRISM coolant system. A second tool developed with
SSC, the MINET Code3- has the flexibility needed for the PRISM System, as
illustrated in Figure 4. (The valves shown in Figure 4 are used in
simulating leaks or pipe breaks, and do not correspond the any physical
valves in the PRISM design). But like many system codes, MINET currently
lacks the type of detailed reactor models needed to simulate the PRISM
reactor passive shutdown. Our current approach is to use MINET to simulate
the fluid system transients, with a user-specified reactor power level, and
SSC to simulate the reactor transient, using a user-controlled flow of sodium
through the reactor. Because there is a fairly tight coupling between the
reactor power level and the sodium flow rate, some iteration has been
required between the calculations.

For the long decay heat removal cases, the MINET Code representation is
satisfactory, assuming the reactor has been shut down. None of the present
MINET modules represent the complete RVACS heat transfer process
(particularly the radiative portion), so the heat transfer process has to be
estimated as a transient boundary condition.

V. ANALYZING UNSCRAMMED EVENTS

Several postulated unscrammed events were analyzed, using SSC and
complemented by MINET. These events fit into three broad categories,
including loss of flow (ULOF), loss of heat sink (ULOHS), and transient over-
power (UTOP) events.

The ULOF events all involve reducing the flow of sodium through the
reactor. The ULOF events are generally short-lived and reduce the power
fairly quickly. For the nominal cases, with all four pumps coasting down,
SSC provides a good representation. However, if one of the pumps fails
completely, or if a pipe breaks, the redistribution of sodium flow in the
primary circuit is difficult to analyze. Therefore, we use MINET to estimate
the reactor flow verses time, and then specify that flow history to SSC.
Using that flow rate estimation, we then use SSC to predict the power and
temperature trends, which are then passed back to MINET. Since these
variations on the ULOF event were the principal concerns for the original
version of PRISM, this type of inter-code iteration was a less than ideal
situation. With the Gas Expansion Modules (GEMs) in the current design, any
postulated ULOF event has to be fairly improbable, e.g., missing multiple
coastdowns and/or GEMs during the same event, for severe conditions to
develop.

Regarding the ULOHS, the long slow transient that results is both an
advantage and a disadvantage. The positive factor is the time available for
the reactor power to trend downward. Unfortunately, the ULOHS can continue
evolving for several minutes or perhaps even hours if it is the RVACS that
must remove the after-heat. Because SSC has no representation of the RVACS
heat removal, it can not simulate a prolonged ULOHS event. MINET can
simulate part of the RVACS impact, although the heat removal through the two
vessels and across the gap between the vessels is not currently modeled in
detail. To simulate that process, we must use the PASCOL Code4, which is not
currently linked to either SSC or MINET. In order to fully simulate an
extended ULOHS event, we need to interface the SSC, MINET, and PASCOL Codes.
Fortunately, the recent addition of the PRISM Ultimate Shutdown System (USS)
reduces the likelihood of prolonged unscrammed events.

The UTOP events are particularly challenging for metal fuel reactors
because of the small Doppler feedback (which helps for the ULOF and ULOHS).
Even over the short term, a 40 cent UTOP could damage some cladding and lead
to some localized fuel melting^. With the addition of the GEMs, one could now



trip the pumps in order to bring the power down. However, one must be fairly
certain about tha condition of the 3 GEMs and the 4 synchronous machines
before intentionally converting the UTOP into a UTOP/ULOF. If there is a
loss of the intermediate loop sodium (a steam generator tube rupture, for
example), the UTOP becomes a UTOP/ULOHS, which could continue for some time
at high temperatures. This would be a particularly tough event to simulate
without the combined SSC/MINET/PASCOL program, and would almost certainly
result in some significant core damage if allowed to continue. Again, the
addition of the USS gives GE a credible means of terminating this event.
There is also the option of tripping the pumps, although this is not
something one would choose to do routinely.

If these scenarios appear unlikely, they are, particularly in light of
the diversity in the PRISM Shutdown System. However, for a "revolutionary"
advanced design like PRISM, there is a fairly good chance that a large
seismic event may dominate the plant risk, and large seismic events can lead
to concurrent failures. With the potential for possible reactivity
additions, if the sodium boils or if some of the fuel relocates toward the
core center, one must consider all credible unscrammed events.

VI. THE ADVANCED LMR TRANSIENT ANALYSIS PACKAGE (ALTAP)

The tight coupling of the physics and thermal-hydraulics under
unscrammed conditions requires the use of the detailed reactor model in SSC,
the highly flexible flow network model in Ml NET, and the very specialized
heat transfer models in PASCOL. We are currently linking these calculations
in a program library named "ALTAP", for Advanced LMR Transient Analysis
Package. In addition, a multi-dimensional plenum model that resides in the
current version of SSC will be made accessible to the ALTAP simulation. As
the parts of ALTAP are brought together, there will be step-wise improvements
in our ability to analyze unscrammed events that are asymmetric and/or
prolonged.

VII. SUPPORTING ANALYSIS

In addition to the basic ALMR analytical needs already addressed, there
are several supporting requirements. For example, the metal fuel behavior
during burnup and under transient conditions can be a major factor under
accident conditions. Since almost all the known work on metal fuel has been
performed at ANL, it is difficult to find independent codes for safety and
licensing analysis. It is likely that a survey of available codes for oxide
fuel, for both LMR fue'" and LWR fuel, will indicate independent codes that
can be adapted for our ,-eds.

The various reactivity feedbacks used in the SEC analysis of unscrammed
events are provided by ANL. While it was determined that these feedbacks
were not inconsistent with feedbacks known for other liquid-metal cooled
reactors**, there remains uncertainty about the accuracy of these parameters.
Since the feedbacks pre-determine performance of the passive shutdown
response, an independent check of the feedbacks is highly desirable.
Fortunately, there are several options for neutronic calculations, and an
independent analytical capability should be in place relatively soon.

VIII. THE ROLE OF PROTOTYPE TESTING

The current plan for certification of the PRISM reactor system calls
for prototype testing of the first unit, which would be built at a government
site such as the Idaho National Engineering Laboratory (INEL). For PRISM, an
extensive testing of the passive shutdown response to various events and the
RVACS performance would be expected. However, there would be several areas
where a test would be impractical, e.g., system performance during core melts
or power excursions. Therefore, there would always exist some need for
analysis. Another problem is the finite nature of the test series, which
would likely span one or two years. This means pre-planning all tests,



rather than a learn-as-you-gc process. As a result, it is best to complete
analysis of all planned tests ahead of time, and to simply check against
analysis as the tests proceed. This would allow the recognition of results
that diverge from the predictions and allow one to quickly identify a
problem.

Because of the prototype testing, it is tempting to reduce the
analytical effort. However, as one becomes familiar with the intricacies of
the metal fuel (it changes considerably with burnup) and the feedbacks
contributing to the passive shutdown, it becomes apparent that one could
never test the prototype at all possible reactor conditions (especially
burnups). Instead, one must use the prototype tests to validate the computer
models and then perform simulated tests using the models. While this may
seem less than ideal, it is only realistic to anticipate this eventuality.

IX. SUMMARY AND CONCLUSIONS

The current version of the PRISM reactor system is new and unique, and
has some interesting and unique design characteristics. The capabilities to
give off after-heat, or to simply absorb it if there is no heat removal, are
so effective that a successful reactor shutdown almost precludes the long,
slow meltdown events. However, a failure to scram could subject the reactor
to possible reactivity additions. Therefore, even with the high likelihood
of the shutdown systems working, one has to evaluate all plausible scenarios.

The analysis of a system as complex as an unscrammed PRISM reactor
requires some highly specialized and detailed models. At this time, some BNL
codes are being reconfigured to provide a code package capable of analyzing
long and possibly asymmetric unscrammed events. Other existing codes for
evaluating fuel response and reactivity feedbacks are also being evaluated.
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Figure 1. PRJSM Dunng RVACS Cooling Event (So Vessel Leak)
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Figure 3. • SSC Representation of PRISM Reactor System
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Figure 4. PRISM Plant Schematic
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