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if the new data does not support the higher eutectic temperatures now postulated by ANL.

The greatest challenge, at the moment, appears to be the unprotected transient-over-power
(UTOP) event, which boosts fuel centerline temperatures. The peak temperatures of a 40¢ initiator may
be too large, given our current knowledge of the ternary fuel and the associated solidus temperature. GE
may need to adjust the rod stops more frequently so as to reduce the largest TOP initiator into the 3(<
range (o reduce peak center line temperatures. The vendor ¢learly has some options in this area, so it
seems wise 10 withhold judgement here until GE proposes a final design.

Because of the GEMs, the power drops quickly with flow, and this has increased the safety
margins for the ULOF evants when compared to the previous design. As long as there is at least a partial
coastdown provided by the synchronous machines, analysis indicates that PRISM would survive the
ULOF category events.

The PRISM passive shutdown has always appeared to perform weil for the ULOHS events, and
nothing has changed significantly with the revised design. If ther2 are problemis here, they will develop
only if the event continues for a long time, and the addition of the USS makes this very unlikely.

If there is a concern with normal operating evenis it will be at the fuel-cladding interface. Early
data extrapolated from binary fuel or ternary fuel with the wrong Pu concentration or cladding indicates
that the rate of eutectic Jormation at the temperatures experienced during the unscrammed events is very
siow, so minimal damage is to be expected However, the initial data and some simple analysis (thermal
analysis only) suggest the eutectic formation may begin about 70K lower than design criteria has been
assuming. If the new data confirms the Jower temperature limits, GE may need to make some materials
substitutions or uther design changes to account for the fuel-clad chemical interaction.

In summary, many of the PRISM reactor system changes must be considered improvements from
the previous design. 'The increase in the reactor power production may have reduced some of the safety
margins, although in most cases the margins are still substantial, Ironically, the principal safety issue
remaining is the performance of the ternary metal fuel. Certainly there are some clear advantages to
using the metal fuel, and the fuel developers seem very confident that any ren:aining technical problems
can be resclved. Until more wek has been completed on the ternary metal fuel protypical of PRISM,
one can only say that the metal fuel has the potential to be an excellent fuel in a liquid metal cooled
reactor.
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2. COMMENTS REGARDING DESIGN CHANGES

This section is divided into two sub-sections, In Section 2.1 the design change is briefly described
and its pertinence to safety is discussed. In Section 2.2 the impact on the analysis of key postulatad
events is discussed,

2.1 Description of Design Changes and Pertinence
2.1.1 Ingrease in Reactor Power Level and System Power Production

The reactor power level and the nine-reactor-system power production were increased from 425
MW and 1245 MWe to 471 MWt and 1395 MWe, respectively.  This was done primarily far economic
reasons at the direction of DOE. GE did not re-size the key decay heat removal system, RVACS, and
this results in higher temparatures during pzstulated accident conditions. In addition, the normal system
operating temperatures are 17K (30 F) higher, so ali event anaiyses had 10 be rev ised, acccunting for
hotter initial conditions.

2.1.2  Ultimate Shutdown System (USS)

While the passive reactot shutdown mechanism, based on reactivity feedbacks, has significant
safety advantages, it usually leaves the reactor in a critical condition and therefore exposed w further
changes in system conditions. With the addition of the USS, GE has provided an airernate means of
shutting down the reactor, In this case, man; cmall spheces of ByC are released to full through a tube
into the center of the core, in response to an operator actuated shutdown command, The device fiils an
important gap in the PRISM safety defenses  That is, the passive shutdown 6o longer has to function
indefinitely, as a neutronic shutdown can be anticipated within some reasonable time frame.

2.1.3 Gas Expansion Modules (GEMs)

A key question regarding the passive shutdown mechanism is whether it can act to reduce reactor
power quickly enough to prevent sodium boiling or fuel damage. The crucial test is the Unprotected Loss
of Flow (ULOF) Case, which results in a relatively quick reduction in coolant flow to the reactor.
Initially, the applicant believed that the reactivity feedbacks and their associated uncertainties were such
thet the passive shutdown could function effectively without GEMs in response to the postulated ULOF.

GEMs are simple devices, resembling large inverted test-tubes, containing a trapped region of
gas ahove the core during normal operating conditions. They are placed on the perimeter of a reactor,
and increase the neutron leakage and thereby reduce reactivity whenever the gas drops into the active core
region. Under full pumping conditions, the gas pressure is high enough so sodium occupies that portion
of the GEM which resides in the active core and traps the gas above the core. When the pumps stop and
the system pressure falls, the gas region expands into the core, speeding the decrease in reactor power
through increased leakage of neutrons,

2.1.4 Mechanical Stops on Contral Rods

A key safety question regarding the passive shutdown, particularly with the use of metal fuel and
its small Doppler reactivity feedback, is how much reactivity can be added 1o the core by withdrawing
the control rods and whether the resuiting power increase can be safeiy accommodated. In the original
PRISM reactor design, GE and the metal fuel experts at ANL felt they could predict the burneup
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2.1.8 Containment Improvements and Dome

GE has improved the PRISM containment design, making more of the system leak-tight and
adding a containment dome over the reactor head. In addution, they added isolation valves in the IHTS.
This was done as part of an etfort to strengthen the design regarding accident mitigation. The second
vessel, called either a guacd vessel or a containment vessel, is cooled by outside air as pa- of the RVACS
heat removal system. This has clear advantages for preventing serious accidents it PRISM, The
hehavior of fission products and actinides from the metal fuel in either molten metal fuel v. a sodium pool
has never been well characterized. ‘Therefore, it isn't known how many and how much of the most
hazardous components would escape from the fuel and the sodium pool and make their way into the
conta‘mnent dome. Further, if it is not clear whether the containment design basis should be a core melt,
a sodium fire, or an energetic event (see also Section 4.1)

2.1.9 Helica! Coil Steam Generator

The applicant has substituted a single wall tube (thickness) helical coil steam generator in place
of an older double wall tube concept which was based on the steam generators used in EBR-IL. The older
design was very conservative, and leakages between the sodium and water/steam were quite unlikely.
The newer design may be more likely to suffer such a leak, but has th additional capability to
secomrandate uny resulting sodium expansion and a capability 10 bypass the sodium-water reaction
byproducts (see Section 4.8).

2.1.10 THTS Auxiliary Cooling Sysiem Mod,dcations

The applicant has added a forced circulation capability to this systam, which removes heat from
the outside of the steam generator. This is an "investment protectice” sysiem, asd the Lorced circulation
canability will likely reduce the time required 10 cool down the - auiur in the event of @ loss of normal
cooling.  As this is not a safety grade system, it was not eva uated o detail by FNL. However, the
addition of a forced circulation capability would seem 10 be helpful & safety, since the system can still
function under natural circulation,

2.1.11 Reactor Re Design Outlined in Table G.2.2-2

As well as the addition of 3 GEMs and | USS 5 h core, the appticant has made various changes
in pin size, fuel loading, power densities, and bursup, oo of (rese changes were made in response 0
some new information on the ternary metaliic fuel, as we. as & inore thorough examination of reactor
performance at different times in the fuel cycle. With these Jevices, the response of the reactor to
unscrammed events may be a little betier on balance, although there are some problem areas naot
previously perceived. The performance of whe reviseu reactor design is discussed throughout much of
this report,

Key Issues/Congerns in Sertion 2.1

. While the add “ion of GEMs improves the passive shutdown response for ULOF events,
are there instar. =s where the GEMs could add reactivity or fail to function when needed?
What wo' 1 be the outcome of such failures and could these be prevented?

' Oner oue introduces control rod stops to limit potential UTOP initiators, one must
determine a limi, e.g., 30¢, and define the accuracy of the Rod Stop positioning . It the
accuracy of the Rod Stop positioning is poor in comparison to the acceptable UTOP
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3. COMMENTS REGARDING RESEARCH AND DEVELOPMENT
PROGRAMS IN SUFPORT OF PRISM

The applicant used Appendix G 1o discuss recent results from the supporting R&D program and
10 indicate planned Research and Development efforts, which include some increased efforts in the area
of accident mitigation. The subsections below contain commentary regarding recent safety-related R&D
accomplishments, plarned R&D, and some BNL concerns regarding the planned R&D.

3.1 Research and Development Results Singe 1986-87
3.1.1 EM Pump Insulation

Various potential electrical insulation materials are being testing for prolonged (accelerated) aging
periods at high temp-ratures. This insulation is important to safety, as the loss of current to an EM pump
will result in an nearly instantaneous stoppage in pumping. Such a stoppage at full power would be very
unde irable, although a reactor scram or a "passive shutdown” would prevent any serious damage 1o the
reactor. However, should more than one pump stop this way, or should such a failure occur under
adverse (very hot) conditions, the safety of the reactor could be very much dependent on achieving a
successful reactor scram. It is still o early to explicitly factor the EM pump insulating materials into
accident analyses, although this could be a very important common mode failure mechanism.

3.1.2 Helical Coil Steam Generator

Testing of a 70 MW unit at ETEC was discontinued in 1989 after some 667 days of tesung. This
testing included operation at various conditions and included several transients. While these test results
are likely to support the applicant's effort to implement a similar unit in PRISM, and to perform transient
caleulations and control system studies, our greater inte. st would be the resistance of the unit to tube
leaks and the accommodation of eny sodium-water reactions so & to prevent any damage to the [HX.
If there was any testing performed in this area (beyond the testing of normal operational modes for nearly
2 years), it was not mentioned in Appendix G.

3.1.3 Seismic Isolation

A data base in support of the use of seismic isolato. ~RISM is under development. This
program involve: ETEC and UC, Berkeley, and includes both wooratory scale tests and utilization in
supporting new buildings. At one building in San Bernardino, a .15g acceleration at the basemat was
experienved during a February 1990 earthquake. The building response was reported to be close to prior
predictions.

3.1.4 Thermal-Hydraulics Testing

ANL has a 1/5 scale model of the PRISM vessel, with clear plexiglass used to represent the
structures within the vessel and water used to represent the sodium coolant. Larer tech-.ques are used
to evaluate the flow fields under normal and off-normal conditions, and the results are used for both flow
visudlization and for comparison with 3-D code (COMMIX) calculations. At this time, it does not appear
that 3-D flow partterns are crucial to the safety of PRISM, due to the relatively small pools and the high
thermal conductivity of the sodium, but there may be cases where it could be ume important. Therefore,
the facility may be of more interest in future evaluations of PRISM.

3-1
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4222 Vuel Cycle Faclllsy: HFEF South

DOE andt ANL continue 10 propose that metal fuel reprocessiog facllities will by co-locute * with
the reactors, aithough utility interest in owning and operating such fuciiitios 0oes not seem 1o be very high
at this ume. Soll, u prelimary evalustion <f such s facility by NRC Is strongly desited by ANL and
DOE so that the potentiai “an be evalume’ e safety of such & fucility 1 hardly & foregone conclusion,
as there may exist issues such as fuel fue © exposed 0 oxygen), and perhaps some remote chance of
“he inadvenent formation of & critical mass. ANL is working on & demons’ “stion plant attached 1o EBR-11
facility an its operation in the coming year should provide much insight into the matter.

3227 Integrs! Fast Reactor (IFR) Technology Demonstration

Thtee Phases of the IFR program are desccibed, with Phase 1 scheduled fur completion ut the
end of FY90 and Phase I continuing through the end of FY9S. Major accomplishments 1o be complete
by the end of Phase 11 include: demonstration of high burnup fuel, demonstration of electro-rafining on
an engineering scale, provision of a “safety data base” in support of PRISM, converting the EBR-11 cory
o Usdr and U-PuZr fuel, and refurbishment of HFEF/South

The Phase 11 outlined in this section involves several items that might he considered extensions
of Phase Il programs.  However, by the complet'on of Phase 111, the metal fuel cycle is to be "fully
developed for commercial application.” Several items are cited as being due for ¢ mpletion by the end
of FYO§:

- Fuel performance demonstrated to 150,000 MWA/T burnup

- Demonstration of “luherem safety poteatial® of “recycled fuels” through EBR-11
- Demonstration of fuel cycle on prototype scale

- Waste form certification

- Demonstration of actinide recycle capability

- Providing licensing data hase support w/ NRC (of PRISM)

The first five items seem entirely consistent with discussions we have had with ANL staff
members, and i © s likely they can complete or make major progress toward completing each of the
five tasks. How the significance of what is planned may be a little overstated. For example, it is
already apparent . EBR-I1 is an excellent natural load-follow machine and that the passive reactivity
shutdown will wora el for unscrammed loss of flow and loss of heat sink events (there are questions
about worst case UTOP events, but that is a different issue). ANL could likely load many variations on
their metal fuel in EBR-11 and continue to get the desired passive shitdown, but a major factor would be
the small core with the core restraint system that is currently in place. Extrapolation to a larger PRISM
corg or any larger ALMR would require careful anaysis.

The sixth item on the Phase I list could be interpreted 1o mean ANL's provision of technical
support in discussions with the NRC, especially with respect to the behavior of the metal fuel in the
FRISM reactor. However, <ome additional data f  licensing interactions may alsu be required, and it
Is not clear how s <t ANL will be able 1o develop such data.

vy Issues/Concerns in Section 3.2
. Inclusion of modest amounts (a few per cent, from LWR spent fuel) of minor actinides will have

some impact on the reactivity feedback parameters and the reactor after-heat. However, a
machine dedicated 1o “actinide burning” and containing more than 10% minor actinides would
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around the sodium-air imterface. In addition, such models typically comtain some nput dats that s
somewhat judgmental in nature, so the user imay have more control over key parameters (“dials") than
might be desirable.  However, there has been quite a bit of validation work done o confirm the
perfurmance of sodium poal fire models used 10 support the CONTAIN Code [Ref. 7). Therefore,
barring some user-input errors, the sodium fire analysis used in the gpplicant's simulation is probably
fairly accurate

As a further check for this combustion rate, we utilized a “rule of thumb" cited in Keference §,
e, "Typical burning rates for pool fires in air are around 25 kg Na/meter squared/hout” . Since the
sodium pool diameter is §.64 meters, this implies an initial energy release rate of about 2 16 Ml/sec
(2048 BTU/sec), assuming that all the sodium goes to creating sodium monoxide. The peak combustion
energy generation shown on Figure G.4 1414 s ahout 1400 BTU /sec, which reflects sevor geometric
considerations that are notin our "rule of thumb” estimate. Due to the fact that this energy ges, ration
rate is not out of line with respect 1o our very rough estimate, and the fuct that the sodium pool fire
models used with CONTAIN have a fairly good validation base, it seems likely that Figure G.4.1-14 '«
it least approximately correct.

4.132.3 Rute of Air Heat-Up

The inttial inventory of air in the containment is roughly 1180 kg (2601 Ihs), and the heat
cupacity of air around 477 K (400 F) is about 1028 joules/kg/K. At the original rate of energy generation
of 1.47 MJ/s (1400 BTU/s), the air in the containment would increase from 100 F 10 550 F (see Figure
GA4.19), e, by 450 F or 250 K, in & little under 3.5 minutes. This then explains why the air
temperatures in this figure increase so rapidly.

4.1.32.4 The Pressure Incraase Over the First 4 Minutes.

The ideal gas law dictates the relationship between temperature and pressure, assuming the
volume and mass hold constant. In this case, the pressure in Pa is equal to 325 times the temperature
in K Thus, initially the pressure of 101325 Pa (1 atmosphere, 14.7 psia) is consistent with the
temperature of 311K (100 F) . Once the sodium fire heats the atmosphere to S61K (550 F), the pressure
should reach approximately 183,300 Pu or 26 45 psia, assuming the amount of oxygen consumed by the
fire can be neglected for the first four minutes, This pressure is about 11,75 psig, which is a little higher
than the peak pressure of 9.8 psig in Figure G.4.1-7 (which would include the consumption of oxygen
in the fire).

4.1.325 The Pressure Peak at 4 Minutes

As the air in the containment dome is heated, some heat starts 1o transfer to th » internal structures
and through the dome to the outside air. Once that rate of heat transfer equalizes with the rate of energy
being generated by the sodium fire, the air temperature will peak, With the dome having a heat transfer
area of about 336 square meters and the equipment “slab” having a heat transfer surface area of ahout
107 square meters, the temperature required to release the energy from the initial portion of the fire
would be about 544K (520 F), As was discussed in the previous subsection, & temperature of 550 F
would give a pressure a little below 11,78 psig. Therefor2, the temperature peaking around 550 F, as
shown in Figure G.4.1-9, is entirely reasonable.

It should be noted that the containment is designed to leak Jess than 1% /day at 25 psig (0.274
MPa) 2nd 700F (644K). While we are making seversl approximations in comparing against the
CONTAIN calculations, none of these approximations suggest errors arge enough 10 increase the
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vontginment dome (see Section 4.1.0)

The data base supporting those release rates is net complete, so these predicted doses involve a
preat deal of engineering judgement and should be used with care. A major concern here is that the
models tor fission product release from oxide fuel are largely empirical, so the extrapolation to metal fuel
is hased on ohservation more than understanding. However, GE/ANL arguments regarding the likely
tetention of fission products within the metal fuel and the sodium pools appear to be u reasonable
assumption,

4.1.4 Other Evems Covered in Appendix G 4.1

The applicant provides a brief description of some other events that might result in a leakage into
the containment. This list includes a maintenance related opening in the reactor closure, # lurge primary
sodium spill, a major refueling accident, and a couple of postulated THX fsilure events (which challenge
the isolation valves added to the THTS). In most cases, the applicant uses qualitative arguments regarding
either the likelithood of such events or the probahle outcome of such events. As these events seem far
bess significant than the design basis event previously discussed, we spent fittle time or effort reviewing
these ather events,

Key Issues/Concerns in Section 4.1

. The current PRISM Containment Design appears to be appropriate for that design, and could
probably accommodate  postulated HCDA event. The remaining concerns are regarding the
severe accident data base for metal fuel, whicn is relatively limited at this time

4.2, Shutdown System

In the original draft SER [Ref. 2), several concetns were expressed about the capability of the
passive (“inherent”) shutdown system, which is based on reactivity feedback characteristics, to adequately
serve as a second reactor shutdown system. In particular, the large positive sodium void reactivity worth
and the potential for reactivity additions should fuel motion occur, made this a particularly important
question.

The applicant made two significant changes to the PRISM  Reactor Shutdown System, i ¢., the
addition of rod stops on the primary control rods and the addition of the Ultimate Shutdown System
(USS). The rod stops became necessary when new data on the terrary metal fuel and a closer
examination of the variations during the fuel cycle indicated that the burnup reacti ity . wings could no
longer be limited 10 around 35 cents, thereby raising the possibility of a reactivity insertion caused by
control rod withdrawal too large to be accommodated safely without scram. The USS device was added
to resolve the question of how they intend to eventually terminate long term unscrammed event

4.2.1 The Comtrol Rod Stop System

This system is comprised of a motor driven, movable (mechanical) stop within each control rod
drive mechanism and a computerized controller. The stop physically limits the withdrawal stroke of the
control rod drives, as indicated in Figure 2. An electronic controller computes the position to which the
rod stop should be set, subject to plant operator permission for set changes, in order to accommodate
redctivity changes over the operating cycle. It is expected that reserting the rod stop position will be
tequired § to C times each 18 month fuel eycle, The requirements include limiting the possible reactivity
nsertion to 40¢ (including a 10¢ margin for uncerainties) when all rods are withdrawn, allowing for
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times greater than the design level, the halls will fall down into the corg

The USS fulfills @ necessary function, providing an alternate means of shutting down the reactor,
The complesity of the USS design seems 10 be related to requirements including testability, internal
diversity, reliability, and the ability to move it out of the way for refueling and maintenance. It is
entirely pecsible that the device will provide the highly reliable backup shutdown capability that has been
nevded

K*v Congerns in Section 4.2

. Movement of the control rod stops must be fairly precise to minimize potential UTOP initigtors
The two key factors are measurement errors, which should be small at + rate of 20¢ per inch for
all 6 rods, and calculational error, which could also be minimized if ¢ is careful to factor in
the most recent data, ¢.g., fro  the most recent control rod movement.

. The USS provides the second shutdown function and allows the operators to terminate an
unscrammed event, Howg ver it is a relatively slow system, and does rely on the reacior *“passive
shutdown” response to keep the reactor conditions acceptable for the first few minutes.

4.3 60-Year Plant Life

There are no known weaknesses in the PRISM design that wuld preciude an extended plant
life-time, assuming that the necessary/studies e performed and key components are replaced when
necessary.

Key lssues/Concerns in Section 4.3

Nong

4.4 Seismic lsolators

The principal issue regarding the seismic isolators Is the need for further data, and the current
requirements in this area can be better addressed by the NRC staff. Certainly this appears v be a
promising area of study, but it will take time to develop a strong data base. With U S, tests at ETEC
and the University of California at Berkeley, and Japanese tests at CRIEP] and elsewhere, the data base
Is growing and could be fairly extensive before any PRISM prototype is built. The isolators planned for
usage in PRISM are fundamentally simple and provide the desired herizoman isolation, which is
particularly useful for the tall and narrow PKISM design.

Key Issues/Concerns in Section 4.4

None

4.5 Sodium Voig!

In this section, the applicant responded to concerns expressed in the SER [Ref. 3) and elsewhere
regarding the large positive sodium void reactivity worth. This provides a potential means of accidentally
increasing the core reactivity to up 1o nearly 6 dollars super critical, although realistically, the other
reactivity feedbacks would respond fast enough to reduce the net reactivity. Regardless, a very damaging
power excursion would likely result from a complete voiding of the core, so the positive sodium void
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worth is potentially a major safety concern

The response provided by the applicart is similar 1o the previous position, although bolstered this
time by an ANL study examining some trade-off options.  Briefly, the applicant’s position is that 1)
wide-scale sodium boiling is highly Lalikely, 2) that should such an event develop the energy could be
absorbed in the vessels and structures, and 3) available options for reducing the sodium void worth are
very unattractive and tend o cause problems in other areas. In the following sections, we'll consider
each of these three response positions

451 Sodium Boiling is Highly Unlikely

Because of the highly diverse reactor shutdown system and the reactivity feedback based passive
(*inherent”) reactor shutdown mechanism, it certainly appears that wide-scale sodium voiding is indeed
very unlikely to occur in PRISM.  For an independent PRA study, it seems likely that a failure
probability in the range of 1 in 100,000 would be assumed for the shutdown system. While this failure
prohability is more pessimistic than GE's, it is more optimistic than fallure riates assumed for LWRs.
Similarly, the failure rate o be assigned 10 the passive shutdown is probably in the range of 1 in 100 to
1 in 1000 anempts. Factored together, PRISM should eventually be credited for a failure probability in
the tange of 1 in 10 millior to 1 in 100 million, per scram attempt. Sirce PRISM is relatively small, it
could take 1000 reactor modules 10 eventually replace the current U.S. LWR capacity, and each module
cou'd be scrammed as frequently as 10 times per year (for the first few years, anyway). Over a 10 year
perod, that works ovt to 100,000 scrams. Therefore, over that 10 year period, the chance of & sodium
voiding event ocourring in a PRISM reactor might be between 1 in 100 and 1 in 1000, This means that
while a sodium voiding event is very unlikely, it is not impossible.

The arguments stated above assume that these systems perfo:m as designed. There may be ways
for the maintenunce and operations staff 10 adversely impact on both the reactor scram system
{maintenance) and the passive shutdown (synchronous machines), so the chances of sodium voiding is
prubably somewhat higher than the odds cit~1 above. That is not to say that sodium voiding should be
expected, because the defenses against suck -~ levelopment are indeed extensive. However, it is only
prudent to consider the possibility of such a development.

452 Canthe HCDA Be Contained in the Vessel?

There is & reasonably good chance that a large HCDA could be accommodated in the PRISM
reactor vessel, but it n.y e some time before that can be established with confidence. Some essential
duta regarding fuel expuls.on during rapid transients simply do not exist. The fastest daia svailable are
for an 8 cond period transient-over- power event. In contrast, data for oxide fuel are available over
a few millisecond period [Ref 4).

Because of the lack of the key metal fuel data, the applicant adapted some HCDA analysis that
wis performed previously for the FFTF reactor, and evaluated how the PRISM vessels and structures
would stand up to that event. Their analysis indicates that the PRISM reactor vessel and closure can
safely accommodate HCDA loads resulting from energetics on the order of 500 MJ without loss of
structural integrity, disengagement of the rotatable plug from the reactor closure, or expulsion of sodium.
Iudependent (B' L) examination of the applicant's analysis has not revealed any apparent errors.
Therefore, it does appear likely that the PRISM system could withstand this large HCDA postulated for
FFTF.
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In comparing the postulated HCDA s for different fuel types, & recent paper [Ref 9) from the
Indira Gandhi Center for Atemic Research is particularly useful - Their focus is on worst-case scenarios,
with arbitrarily large reactivity insertions in $00 MWe sodium cooled reactors, using metal, oxide, and
carbide fuel They make several interesting points

* The lower operating and melting temperatures for metal fuel decreases any concerns
about tuel-coolant interactions (FCIs), which are essentially benign for metal fuel.

0 The large difference between the melting and boiling temperatures in the metal fuel will
tend to keep the core together longer, and would result in larger melt fractions (perhaps
100% ).

. Because the fraction of metsl fuel melting is much higher, the potential reactivity
insertion is metal fuel (due w slungping) is also higher

. For reactivity insertions under about $78/second, the metal core releases more energy
than the oxide and carbine cores. Mowever, for insertions above $100/second, the energy
release for the metal core is significantly lower.

Perhaps the most crucial finding from Reference 9 is that the eneigy release from a $200/sec
ramp is only about 300 MJ, and is increasing only gradually as the reactivity insertion rate increases.
For the 155 MWe PRISM core, the release would be less, and certainly less than the 500 MJ estimate
made for FFTF and utilized by the applicant for determining HCDA loads.  Thus, the analysis in
Reference 9 supports the applicants’ contention that the PRISM vessel and head could survive a lurge
HCDA event.

Finally, late in the review process it was revealed that the GEMs might expose the core barrel
to relatively high fluence (the gas does not scatier the neutrons as the sodium would). This raises the
possibility of radiauon damage weakening some of the structure needed 1o withstand an HCDA.
Although not a major concern at this time, the possibility of radia ‘on induced embrittlement of structures
should be considered in (uture evaluations.

453 Can the Sodium Vold Worth Be Reduced?
4531 Options Considered by ANL and GE

In response to requests from the various parties involved in reviewing and evaluating the PRISM
reactor, ANL performed a fairly extensive study of options for reduc’ng the reactivity worth from sodium
voiding to 81 or less, and some of this work is summarized in Appendix G.S. The choice of "less than
$1" comes from the belief that such a reactivity addition could be countered quickly by Doppler and
thermal expansion mechanisms, and the core would behave more like a partial core melt than a HCDA.
Ideally, a negative sodium void reactivity worth would he best, but this would be extremely difficult
unless the reactor was nearly as smali as EBR-11.

While much of the ANL study on ways to reduce the sodium void worth in metal fuel LMRs was
largely an update of some work compiled over the years (others have struggled with this problam before),
it was fairly extensive. There are indeed a few options for reducing the sodium void warth, but they all
seem 10 have serious adverse impacts. A major shorteoming in one of the more practical alternatives is
that of spoiling the geometry enough to make the void worth small or negative. The burnup reactivity
swing becomes guite large, which requires far more control rod compensation, which increases the
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target zone. The oxide fuel curve it based on fuirly high reactivity swings and negative sodium void
worths, and does not extend to near the target zone. However, it appears the oxide fuel curve would
narrowly miss this target zone if extended, although the oxide fuel curve would still be preferabie to the
metal fuel curve. The curve for nitride fuel includes a point within the target zone, with a sodium void
worth of $7¢ and & burnup swing of 54¢.

Obviously, one does not select a fuel type based on a single characteristic, such a the sodium void
reactivity worth. DOE sponsored parallel efforts for both oxide and metal cores in PRISM for the first
two or three vears of the program. A major consideration in DOE's commitment to metal fuel was the
passive reactor shutdown, which is considered & major safety advantage that may well outweigh the
disadvantage of the iarger positive sodium void worth. It is not known whether nitride fuel was ever
seriously considered for incorporation in PRISM.

There were four summary papers [Refs. 15-18) recently published which offer some brief
comments reqarding the work on nitride fuel. According to Ref. 18, the European Community, Japan,
and the Soviet Union are all pursuing nitride fuel, since it has “high thermal conductivity, low fission gas
release, low swelling, no cladding/chemical interaction® and is “compatible with the fuel system”
According to Ref. 16, nitride fuel has *good irradiation behavior and straightforward reprocessing”, along
with its “better (than oxide fuel) heat transfer characteristics and higher fissile atom density”. In Ref.
18, the authors concede that "nitride fabrication has been considered 1o be a difficult and expensive
preparation”, but ctaim that “this difficulty has been overcome: mixed mononitride pellets, with
characteristics suitable for irradiation testing in the Phenix fast breeder reactor have been obtained in a
classical oxide production facility without any significant modification of equipment” However, as cited
in Ref. 17, the available fuel performance data base for nitride fuel is relatively small.

While the nitride fuel appears to have & major advantage in terms of sodium vold worth, and may
perform at 1sast as well as metal fuel regarding the passive reactor shutdown response, this fuel form is
not well known in the U.S. The fuel development work outside the U.S. might eventually make nitride
fuel a more practical option and nveds to be watched. Regardless, if one wishes to evaluate the full
spectrum of alternatives in trying to work around the sodium void worth problem, one could consider
some of the alternate types of fuel that might be available,

4 5.4 The Minor Actinide Factor

Because most of the minor actinide isotopes (neptunium, americium. and curium) are far more
likely to fission in a fast neutron spectrum, the inclusion of minor actinides in ¢the fuel (which already
includes uranium and plutonium) increases the sodium void worth. This is because the spectral hardening
is much more helpful than the increase in neutron leakage is harmful. This preference for fast neutrons
also impacts on the Doppler coefficient (fuel temperature). Without the minor actinides, the primary
result of higher fuel temperatures is greater neutron capture in the “resonance” intervals. Wita the minor
actinides, the increased fissioning in the minor actinides tends to balance out the parasitic loss of neutrons
from Doppler “broadening”, so the Doppler (fuel temperature) coefficient decreases significamly.

The impact of including minor actinides in an oxide fuel core was studied in Reference 14, with
u key figure reproduced here as Figure 7. It is quite evident that adding even a relatively small amount
of minor actinides can have an impact on the reactivity feedbacks for the oxide fuel, end almost certainly
for other fuel types as well. If one adds 10% minor actinides to U-Pu fuel, a 40% increase in sodium
void worth and a 55% decrease in Doppler feedback may result

The metal fuel reprocessing currently envisioned does not incluce separation of the minor
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actinides, so they will be recycled into subsequent hatches of fuel. We are not sure what fraction of
minor actinide  would eventually reside in an equilibrium core, although it should be below that of the
LWR spent fuel, (Therefore, the fraction of minor actinides should be highest for fresi: tuel from LWR
recycles)  ANL probaoly has a more accurate estimate, although the uncertaintics involved in the cross
sections, and therefore the burnup calculations, must be fairly large.

Clearly there is some significant safety performance penalty involved in recycling the minor
actiniges in PRISM. but one might be able to compensate for the changes in the reactivity feedbacks.
This is particularly true if the minor actinide inventory is only 2 or 3%, which seems likely if the current
tuel processing strategy is implemented.  Another conceen is its effect on thermal conductivity, fuel clad
chemical interactions, and eutectic formations at the clad/fuel interface.  For the time being we simply
note that the minor actinides could be & significant factor in the PRISM passive reactor shutdown feature,
especially if the minor actinide loading exceeds a few per cent.

Finally, DOE, ANL, and GE have recently focused efforts ou some of the "actinide burning”
characteristics of the metal fuel cycle. It has been pointed out that the minor actinides from LWR spent
fuel, which are significant burdens for the planned repository (Yucca Mountain) due to their long
radioactive half lives and their high toxicities, could be consumed as fuel in the integral fast reactor.
Should this option be further pursued, it is likely that the minor actinide inventory in future metal-fuel
ALMRs (PRISM?) could be much higher than 10%. A machine built primarily for consuming minor
actinides would likely have a very large positive sodium void woith and a very small Doppler feedback,
judging by the trends shown in Figure 7.

Key fssues/Concerns in Section 4.5

. While sodium boiling events are highly improbable, the possibility exists for a potentially serious
accident.  The key issue is whether the energetics from such a worst case scenario could be
contained within the vessels and containment dome.  This appears to be true, but we need
additional data before we can properly estimate he energy release during such an excursion.

. There are some conflicting design objectives with respect 10 the sodium void worth.  First, the
use of metal fuel appears to reduce the likelihood of sodium boiling (due to the passive
shutdown), but it alsc increases the “odium void worth.  Second, the consumption of minor
actinides makeas for & Jleaner ALMR fuel cycle, but their addition o an ALMR core tends to
increase the sodium void worth and reduce the Doppler coefficient.  Their effect on fuel
characteristics (i e, thertaal conductivity, FCCL, ) are also unknown,

4.6 Flow Blockage

This is an issue that was originally raised by the NRC staff, and we defer to them regarding the
GE response in Appendix G. A few comments are added heve just to note our perspective on Jhis

postulated event.

The event at Fermi in 1966 involved a piece of zirconium liner that had broken loose and moved
into the core infet region, creating a partial flow blockage that caused fuel damage and might have lead
10 & much more serious event. As a result, the PRISM core inlet region is designed to prevent such a
blockage. About the only means of developing a compatable blockage would roquire a piece of flexible
material, such as aluminum foil, and would require & complete wrapping of that material 360 degrees
around an assembly inlet. It is difficult to consider such a development as being even remotely possibie.
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While & couple of questions about the flow coastdown remain unanswered, it must be remembered
that the applicant has considerable control over the pumnp coastdown. If the low coastdown provided by
their current design is not high enough or long enough, they need only modify the synchronous machines
to get the coastdown they need. And again, the addition of the GEMs 1o the design reduces a
requirement for a high initial Now during the coastdown.

4785 Rods in Before Pump Trip

Because of the potentiaily se-ous consequences of the unscrammed loss of flow (ULOF) events,
even given that the passive reactivity shurdown is likely to work, it is not prudent to trip the EM pumps
without verification that the scram has taken place. The applicant had not considered this previously, but
has indicated their intent to remedy this overs ‘ght. In particular, they now indicate they will verify that
the neutron flux in the reactor is, in fact, decreasing before tripping the pumps.

4.7.6 The 3 of 4 Pump Coastdown Case (See also Section 4.16.3.3 4)

Prior 1o the addition of the GEMs, the safety margins (to sodium boiling) for the ULOF were
modest, and very small if one of the four synchronous machines failed to provide a coastdown. The
applicant’s analysis indicated that the other three synchronou. machines would coast down more slowly
it one failed completely, as the flow resistance in the piping would be less, thereby reducing the drag on

the remaining pumps/machines. We have only recently been able to analyze this event, as discussed in
Section 4.16.3.3 4

4.7.7 EM Pumps at High Temperatures

The applicant describes 8 Class 1E thermal shuoff system (TSS) thai hacks up the reactor
protestion system (RPS) and trips the pumps when the cola pool reaches 811 K (1000°F). This is done
partly to ensure that they will have sufficient “electrical integrity” to coastdown.

A further consideration is the Curie point temperature, above which the magnets stop behaving
like magnets, i.e., stopping driving the sodium magnetically. The applicant doesn’t explicitly state this
tamperature, which is dependent on the materials composition and can therefore be adjusted (within
limits). They do state that the Curie point will be higher than 811 K (1000°F), s0 both the RPS and the
TSS showld act to preclude the temperature getting so high. In addition, the Curie "Point” is really an
inizrval of rapidly changing magnetism, so the Curie Point failure would be at least somewhat gradual -

providing some coastdown,

478 The EM Pumps - Summary

Because the time provided by the pump coastdown is vital to the inherent shutdown response, the
pump inertia plays a crucial safety role. In order 1o obtain the necessary coastdown with EM pumps, the
applicant must utilize the synchronous machines. However, EM pumps apparently provide some real
advantages in the operation of PRISM, at least in the opinion of the applicant. The addition of GEMs
1o the reactor system design has reduced our concerns significantly for the instantaneous loss of a pump,
as a loss in pumping will result in a quick reduction in reactivity and reacwor power.
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Key Issues/Concerns in Section 4.7

. he pump eoastdown reliability is a crucial eleme it in the PRISM Passive Shutdown during
ULOF events. The designers choice to supply the coastdown using the synchronous machines
has resulted in potential failure modes that would not be present if centrifugal pumps were used.

4.8 Sodium/Water Reaction Pressure Relief System (SWRPRS)

Because the applicant has substituted a helical-coil single-wall tube steam generator for an older
straight double-wall tube mode!l, much of the story regarding possibie sodium-water reactions has changed
significantly from the previous design. The newver single-wall tubes are thought to be more likely to fail,
but there is a design feature (central conduit) in the new unit that should hely to mitigate such an event.

The major objective is to protect the IHX, which forms a boundary of both the primary coolant
system and the containment sy.i~m. The secondary sodium passes through the IHX tubes and the
applicant ¢laims that a 1000 psi prea= «  alse (generated in the steam s« m from the tube failure) could
he absorbed sately. The objecti /¢ w1 orotecting the IHX e to preven a larger pressare pulse and to
prevent the sodium-water interface from jassing into the IHX, where the ongoing chemical reaction could
damage the IHX tubes.

The IHTS isolation valves form one line of defense, as their closure would protect the IHX from
hoth pressure pulses and the sodium-water interface. Of course, these valves are active components, so
there is a limit regarding the level of reliability that can be assured.

The more reliabi. \and far more complex) defense comes from the passive rupture disks. Because
of the rupture disks, the dump tanks, and some steam flow limiters, a large scale sodium-water reaction
can be accommodated without a major pressure build-up. The challenge is to assure that the sodium-
water interface can not reach the IHX. As the reactions are developing in the stam generator, the
pressure builds, and pushes the sodium level up into the argon cover gas in the top of the steam
generator. Once the sodium level gets high enough, the sodium spills inte a central conduit, which
bypasses the helical coil tubes and lew ~ut near the rupture disks. Because of this bypass feature, the
sodium in the steam generator can be uiiven through the rupture disks without uie argon cover gas
pressure getting too high. Since any sodium in the lower portion of the steam generator and most of the
sodium between the pump and the bottom of the steam generator will exit through the rupture disks, it
is only the sodium-water mixture in the top of the steam generator that is a concern with respect to
possibly passing into the IHX. Some of the sodium-water interface could push upward from the argon
cover gas and back into the piping coming from the IHX (the hot leg). This would involve pushing
sodiem upward from the THX to the IHTS pump, from which it would fiow downward toward the rupture
disks. Whe.her this could happen depends partly on the pressure differentials in the IHX and the IHTS.
it seems fairly clear that one could design the plusabing to prevent this possibility, as long as they can
keep the pressure drop though the steam generator to reasonably low levels (which the conduit appears
to acgomplish),

Therefore, there appear 10 be two fairly reliable means to prevent a large sodium-water reaction
from compromising the IHX tubes. However, there is one factor that looks to be at odds with & normal
safety approach, that being the usé of sequential (redundant) rupture disks (both must function for the
drain process to begin). From a safety viewpoint, two parallel rupture disks would increase the likelihood
of achieving & timely dump of the sodium. However, rupture disks are passive devices and they
apparently tend to open at lower pressures rather than to remain open at too high s pressure. Therefore
the applicant is using sequentially redundant rupture disks to assure they don’t oper by mistake and expel
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4.5%.4 Analyses of Bounding Event 3A

This event, which is also discussed in Section 4.16, involves a postulated 75% blockage of the
air flow ducting which results in a reduction in air flow along the containment vessel, The corresponding
LOHS event results in higher sodium tomperatures, although the increase appears to be acceptable. The
reactor outlet sodium temperatures from the applicant's calculation and from BNL's MINET analysis are
shown in Figure 12. There is very strong agreement between the two simulations, although MINET
places the peak temperatures after 40 hours a few degrees higher than the applicant's pediction. In either
case, the predictions indicate that the reactor outlet temperatures may exceed ASME level "C* limits for
the vessel, which is primarily an investment protection issue. However, the applicant may believe that
4 75% blockages of these very large air flow ducts is unlikely, and further, that failure to clear a pathway
within 36 hours is hard to imagine. Regardless, it appears that a postulated LOHS, involving failure of
the normal cooling system, the Auxiliary Cooling System (ACS), and a 75% blockage of the air flow
ducting can be tolerated without severe damage to the reactor and/or coolant system.

4.9.5 Analyses of Bounding Event 3B

This event, also discussed in Section 4.16, involves a postulated full blockage of the air flow
ducting for the first 12 hours and a 25% opening thereafter. The corresponding LOHS is truly adiabatic
for the first twelve hours, and would cause significant damage. The reactor outlat sodium temperatures
predicted by the applicant and BNL are shown in Figure 13, and are again in excellent agrecment with
each other. Both calculations place the peak temperatures in the range of ASME level D limits for the
vessel. These temperatures are clearly high enough to endanger the plant from an investment standpoint,
although it does not appear likely to lead to significant fuel failures or radioactive releases. This is quite
impressive, riven that total failure of 1) the normal cooling system, 2) the first bachup cooling system,
and 3) a nearly failure-proof emergency vooling system for 12 hours, is a series of failures that is nearly
inconceivable, barring a very thorough act of sabotage.

4.9.6 Analyses of Vessel Leak Case

The design basis for the PRISM containment vessel is a leak in the reactor vessel. In such an
event, the containment vessel is to catcn the leaked sodium and prevent the sodium level within the
reactor vessel from dropping below the IHX inlet. Maintaining the sodium level is important in order
1o preserve a pathway from the hot pool to the cold pool. With the lower sodium level, the sodium can
not spill over the liner (at acceptable temperatures, anyway), so thermal conduction across the liner, the
sodium trapped between the liner and the reactor vessel, the reactor vessel the sodium between the
reacior and containment vessels, and across the containment vessel, must be adequate in order 1o prevent
damsge.  This situation is illustra.es in Figure 14. Note that there is a trade-off here, in that the
improved neat transfer between the two vessels (conduction heat transfer is more effective than radiation
heat transfer) compensates to some degree for the loss of the sodium spillover and direct heating of the
inside of the reactor vessel.

In the original PSID [Ref. 1], the applicant analyzed his event and predicted lower reactor
temperatures than for the reference RVACS event, i.e., with the sodium spill-over functioning normally.
They did not repeat the calculation at the higher decay heat levels, and assume that again the reactor
temperatures would b: lower than for the reference RVACS case discussed above.

We performed 'v.o calculations for this event, with the results as indicated in Figure 15. Both
caleulations wtilize the same es aate for the rate of heat transfer via conduction for various sodium
temperatures, and thus are not truly iraspenden @ <450, there are several key parameters that contribute
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1o the predicted heat loss, and some of these parameters may not be identical 1o those used in the results
described in previous sections. Given those qualifications, we can see that the predicted temperatures
exceed ASME level C limits after about 36 heurs, before dropping off gradually thereafter. Once again,
these temperatures are in & range where the investment may be jeopardized, but fuel damage or
radioactive releases would be unlikely.

497 PRA Implications

Almost from the outset we have struggled to predict a credible RVACS failure probability for
usage in a PRISM Probabilistic Risk Assessment (PRA). It simply makes little sense to postulate failure
probabilities when the only apparent failure modes involve major seismic events or sabotage. Only
recently has an alternate fuilure mode become apparent, and that is largely due to the increased decay heat
load and higher normal operating temperatures which have reduced the safety margins. As mentioned
hefore, there are several parameters that determine how well the RVACS will perform, including heat
transfer coefficients, emissivities, thermal conduction in the structures, and various flow resistances.
Naturally, there is & degree of variability in each of these parameters, which could be represented using
some distribution functions. The likelihood of some given level of performance would depend on the
distribution functions for several of these key parameters. If several parameters are in the least favorable
portions of their distribution functions, the RVACS performance could conceivably drop enough to cause
problems, (However, the applicant’s analyses of several variant cases do suggest a high degree of
robustness, in hat poor performance in one area can be compensated by other parameters).

It one examines the RVACS performance for the reference event, the safety margins and fault
tolerance is high enough to cover a lot of pessimistic assumptions. However, if one cxamines a variant
case, such as a postulated vessel leak, then there is some chance of an off-performance leading w
damage. For example, if there i3 a . % chance of fu2l damage in the event of a reactor vessel leak, and
4 .01% chance of a containment vessel failure given a reactor vessel leak, then it is the 1% possibility
of RVACS not performing well enough that may be the greater concern.

This alternate means of representing the performance of such a passive systems in a PRA s siill
being developed, and is not reflected in this report. However, we believe it could be an important step
toward properly representing the type of passive systems that are now being developad for use in
advanced reactor concepts.

Key lIssues/Concerns in Section 4.9

. The RVACS may be the greatest strength of the PRISM design, and it is very difficult to defeat.
Our present belief is that possible degradation (with time) may be the most credible "failure”
mode. While high temperatures have been predicted for some very unlikely events, they have
shown to have been investment concerns since ASME service limits were passed. However, the
vessel integrity was not severely challenged.

4.10 Control Room
This is an issue that was originally raised by the NRC staff, and we defer to them regarding the
applicant’s response in Appendix G. We add a few comments here just to note our perspective on the

control room.

While there are many characteristics of the PRISM design which will reduce the role of the
operator, there are still a few important functions to be performed. The passive (inherent) shutdown
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it appears that such an event can be contained in the vessels and the dome, then an ad hog
emergency response may be appropriate.

4.12 Role of Operator

This is an issu¢ that was originally raised by the NRC staff, and we defer to them regarding the
applicant’s response in Appendix G. We add a few comments here just 10 note our perspective on the
role of the operator.

While it is desirable to design a reactor system 1o be resistant to operator errors, and perhaps
even 1o provide safety that is independent of operator actions, this may not be possible. Because the
PRISM heat removal systems perform so well under natural circulation conditions, the design does have
a major advantage in decreasing the role of the operator, Similarly, the passive ("inherent™) reactor
shutdown mechanisms reduces the need for an operator assisted scram, However, there are some
[imitations in the passive shutdown mechanism, and the positive reactivity worth from sodium voiding
is @ major concern.  Therefore, we believe that as long as PRISM has a large positive sodium void
reactivity worth, that GE will have to protect the operator and assure that the reactor can be shut down
quickly, if necessary.

Key Issues/Concerns i Section 4,12

. The operator's safety role in PRISM should be much reduced compared to LWRs, but it would
be & mistake to assume the operator is not important to safety. In particular, we believe the
aperator must have the capacity to scram the reactor, 10 protect against the extremely improbable
reactivity events,

413 Multi-Module Control

This is an issue that was origirally raised by the NRC staff, and we defer 0 them regarding the
applicant’s response in Appendix G. We add a few comments here just to note our perspective on
raulti-module control.

Multi-modu'e control is a very interesting technical challenge. especially with the increasing
interest in automated control systems and so-called "expert systems”. We would envision a fairly large
automated control system being designed to manage a 9-modale PRISM plant. The problem will be the
size and complexity of this system, whichk would make an independent verification a formidable
undertaking. The preferred solution would be to assure that the safety function of the plant is independent
of the control system, and that the safety features/systems can protect the plant regardless of what the
control system might do to ause problems, While this may also seem a formidable task, there are
several features of the PRISM design that will go a long way toward assuring that this protection function
is an inherent feature of the design.

Key lssues/Concerns in Section 4.13

. The vendors choice of a large digital control system for a multi-module PRISM plont seems
entirely reasonable, i.e., it is a logical extension of current technology. It will be a formidatle
undertaking for anyone to independently assess such a massive and complex picce of software.
For the moment we are recommending that the preferred course is to show the PRISM F actor
Module can withstand any challenges resulting from control system malfunctions.
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4.14 Security

This is an issue that was originally raised by the NRC staff, and we defer to them regarding the
applicant’s response in Appendix G. We add a few comments here just 10 note our perspective on
security.

Of the items originaily listed by the staff as priority items for improvement, the one we would
most like 1o see implemented is a passive scram system, sach as a suitable Curie-point magnet, or a
thermal expunsion based scram system. We believe that there may be some limitations associated with
relying upon the passive reactor shutdown, based on reactivity feedbacks, in resisting an attempt 10
sabotage the plant.

Key Issues/Concerns in Section 4,14
. Our concerns hav. been registered through the security specialists.
4.15 Prototype Tests

While there is almost universal agreement that prototype teating is very valuable, and s major step
toward design certification, there remains disagreement about how prototypic the tests must be and which
types fo tests can be omitted, e.g., a core meltdown. These issues could apply to several advanced
Teactor concepts.

In the original PSID (Ref. 1), the applicant indicated that the prototype might utilize an air-dump
heat exchanger rather than a much more costly steam generator system (and sodium-water reaction
pressure relief system). The applicant’s argument was, and remains, that it is the passive reactor
shutdown and heat removal that requires demonstration, and that the steam generator is simply a heat
removal system that has little bearing on the safety of PRISM. These arguments seem quite reasonable,
although the behavior of the air-dump system will be somewhat different than that of the steam generator
system. Certainly it is the prototypic testing of the passive reactor shutdown mechanism that seems most
crucial, and any problems created by substituting an air dump heat exchanger do not seem insurmountabie
at this time,

In response to ‘he comments in the SER [Ref. 2], the applicant provided a preliminary list of
prototype safety tests in Table G.4.15-1 and a list of events to be evaluated by analysis and laboratory
testing in Table G.4.15-2. The list of prototype tests includes several conventional startup tests, several
key tests of the passive reactor shutdown and passive decay heat removal systems, some seismic testing,
and some surveiliance activities. The list of passive system tests appears to be fairly complate, although
we might recommend one or two variant cases, perhaps focusing on the pump coastdown devices. Some
of the events listed in Table G.4.15-2 are related to steam generator failure and the more demanding
seismic testing, although there is a lengthy station blackout event listed in the table. Certainly if there
is @ separate steam generator test facility, one could perform far more challenging tests, as one would
be willing to risk damage (0 the THX, for example. In addition, steam generator testing could be
performed in parallel with the prototype reactor testing. The plan to perform more challenging seismic
testing separate from the prototype may be based on practicality. A seismic test facility iarge enough to
run tests on a full-scale PRISM module would be ver: large and probably impractical. With respect to
the "station blackout™ event without scram, there is probably someslogistical constraint involved here,
as we don’t know of any reason why this event could not be run on the prototype.
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We helieve thit the proposed prototype fests are valuable and that it may be a mistake to ‘nsist
on large expensive systems that play only & minor role in the safety of PRISM. However, it is our
apirion that the NRC staft should plan on full participation in the proposed tests, and should me..¢ every
effort to stay involved in developing the test program.

Key Issues/Concerns in Section 4.15

. The prototypicality of the test facility and the completeness of the test series will be the major
issues, regardiess of the design details or the testing procedures. Rather, the objectives will be
to make the facility as prototypical as possible and to perform a romprehensive series of
acceptable tests. With respect to PRISM, it is very improbable that large seismic events, core
melt events, or over-power excursions, would be simuiated, Howev o, there are many important
tests that should be performed, so the current concern is that the tast facility and series are as
complete and comprehensive as is practical,

4.16 Safuty Analyses

This section focuses mostly on revisions to the Bounding "~ *nts analyses, particularly those
events pertamning directiy to the reactor. However, the last two subsc.uons in Section G.4.16 (Ref. 1)
discuss the newly added GEMs and Control Rod Stops, and how these may imj:act on the safety of the
PeM system.

4.16.1 SER Positions and Pertinence of Design Changes

In the draft SER [Ref. 2], some concerns were expressed regarding the expected PRISM system
response to some of the postulated "Bounding Events”, particularly in light of PRISM's containment
design and the stated objective of avoiding the need for pre-planned off-site emergency evacuation
procedures.  Because our previous evaluations of the Chapter 15 events and the postulated BDBEs
{"Beyond the Design Basis Events") [Ref. 3], did not indicate major problems, it was the Bounding
Events that stood out as potential problems. Thus, GE chose in 3ection G.4.16 to address only the
Bounding cvents, and to focus on how changes in the PRISM design and newer information on the metal
fuel performance impacts on the outcome of the postulated Bounding Events. It is noted that these
changes would also change the analyses of events analyzed in Chapter 15 and Appendix E (the BUBES).
However, the safety margins for the Chapter 15 events were quite large previously and it is unlikely that
these margins would be reduced significantly by any of the recent changes. In the case of the BDBEs,
there is considerable overlap between these events and Bounding Events 1A, 1B, and 2 (as interpreted
by GE as an unscrammed event), and CE's decision to focus on the Founding Events rather than the
BDBEs covered in Appendix E is acceptable.

GE correctly acknowledges that there were four Bounding Events of Concern, namely the uTOP
with RVAL. - providing the only cooling (Ib), the long adiabatic heatup event (3), the ULOF missing one
pump coastdown (4), and the fue) assembly blockage (7). The first three cases are discussed in the
sections 1o follow. The last item, involving the flow blockage, is discussed in Section 4.6,

4.16.2 Summary of GE's Revised Results and BNL Interpretation
GE summarizes their analyses of the bounding events in Section G.4.16.2, particularly in Table
G.4.16-1. For Bounding Events § through 7, GE refers the reader to Section G 4.8.3 for the Steam

Generator Tube Rupture (Event 5), Amendment 11 [a..0 Ref. 1] for Large Sodium Leaks (Event 6), and
Section G.4.6 for the postulated Assembly Flow Blockage (Event 7). GE defers their response for
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“External Events” (Event 8) “until receiving further input from the NRC staff™ (i.¢., a list of postulated
external eveats),

Contained in Table G 4.16-1 are peak cladding and coolant temperatures, the peak mixed-mean
core outlet sodium temperature, the estimated cladding loss (mils), and the minimum margin to sodium
boiling for each of the first few bounding events, i.e, Bounding Events 1a, 1b, 2, 3a, 3b, and 4. GE did
not include the peak fuel temperatures in this table, which is consistent with ANL"s stated position that
it is the potential failure mode via cladding failure that is the greater concern, and the ANL's position
that a little localized fuel melting during highly improbable events ‘s acceptable. Regardless, it is noted
that the peak fuel temperatures during Bounding Events 1a and 1b (the unprotected transient-over-power
cases) are indeed above the solidus temperature,

In order to better comprehend key portions of Table G.4.16-1 and other information contained
within Section G.4.16, we constructed Figure 16. Included ar2 the peak fuel, cladding, and coolant
temperatures from GE's analyses for Bounding Events 1A, 1B, and 2 (GE analyzed a more challenging
variation on the bounding Event 2 recommended by the NRC staff), and 4, along with some key
information regarding failure limits (see also Section 4.16.3.2 regarding appropriate limits). In the
interest of presenting a good overview on one¢ figure, we have taken some liberties with the cladding
damage range and the fuel solidus temperature range, and have packed more than the optimum amount
of information into this single figure. However, the array of information provided by ANL regarding
metal fuel performance and failure modes is a little overwhelming, and we feel that Figure 16 is not
inconsistent with the informatior. we have been provided (see also Section 4.16.3.2).

It is clear from Figure 16 that some fuel would be heated above the solidus temperature for
Bounding Events 1A and 1B. For the UTOP events, the power production in the pins increase by about
70%, so the pin centerline temperatures can increase very substantially. As the peak fuel temperatures
for 1A and 1B are above the solidus temperature for relatively high Zr fuel, there is little doubt that some
localized melting would take place. Some policy decision will be required here, in terms of how much
localized fuel melting will be acceptable.

If we focus on the peak cladding and sodium temperatures for events 1A and 1B we can see the
system gets significantly hotter if only RVACS is available to remove the heat. These higher
temperatures are needed to radiate tic heat out though the vessels, and result in 2 lower power production
in the core. As a result, the increase in fuel temperatures is significantly less than the increase in
cladding and sodium temperatures. For Bounding Event IB, GE is estimating a cladding wastage of 0.22
mils (Table G.4.16-1 from Ref. 1), which is about 1%. This amount of damage, if correct, would
probably be acceptabie for such an unlikely event, (further discussed in Section 4.16.3.3.1.2). The peak
sodium temperature is weil below boiling, and does not appear to be a problem for the UTOP events,

The ULOF-ULOHS (Event 2') and ULOF-3/4 Coastdown (Event 4) events on the right side of
Figure 16 result in significantly lower fuel temperatures. There may be a very slight amount of cladding
damage for these events, especially if conservative limits (Section 4,16.3.2) are applied. The sodium is
well below boiling, with or without pumping. A major factor in limiting the peak temperatures is the
use of the GEMs to insert a large amount of negative reactivity once the pumps trip off line.

Thus, the GE results preseated in Section G.4.16.2, as summarized in Figure 16 point directly
to the postulated UTOP events as the safety concerns within the category of "Bounding Events™. This
will be discussed in subsequent sections. However, our independent analyses tend to confirm this,
although our peak fuel temperatures are somewhat higher, and the subsequent cladding damage greater.
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Despite ANL's optimism that they can demonstrate the metal fuel can survive these events, GE may have
to consider reducing the potential UTOP initiator below 40 cents (including uncertainties), perhaps by
moving the control rod stops more frequently. Because the applicant seems to have a few options
available 1o reduce the potential UTOP initigtors, the resulss summarized in Figure 16 are not viewed as
an insurmountahle problem,

4.16.3 Revised Analyses of Core-Related Bounding Events (1 through 4)

We revised our independent analyses of several postilated events, including Bounding Gvents 1A,
2, 3A, 3B, and 4. The analysis of Bounding Event 1B will require some model modifications, which
have not as yet been implemented. However, we have enough direct comparisons between our analyses
and those provided by GE to proiect the likely results for 1B. Because GE had an error in representing
the reactivity insertion due to control rod drive-line expansion (their rod worth was 0o high), their
predictions for all the unscrammed events are slightly coolar (a few degrees K) than they should be.
Thus, we expect GE's results for Bounding Event 1B are fairly accurate, although the fuel should be
siightly hotter and a little more cladding damage should be expected

4.16.3.1 Analytical Approach

Most of the BNL independent analyses were performed using two well established codes, i.e.,
the SSC [Ref. 21] and MINET [R=f. 19 and 20) Codes. SSC was developed for analyzing various LMR
systems under transient conditions. However, it was necessary to add some models to SSC for analyzing
the PRISM system, as is discussed in the neat section. MINET is a highly flexible systems code that
could be utilized to analyze the postulated long-term heat-up events, as well as featurss of the pump
coastdown events. Between SSC and MINET, most of the modeling requirements were fulfilled. Any
£aps were covered using special purpose models. It is noted that work is in progress to reconfigure SSC,
MINET. and other analytical wols 10 create a more complete integral representation of the PRISM
system.

4.16.3.1.1 SSC Modeling [Ref. 21}

A full-plant SSC model was used to represent PRISM in our independent analyses, as illustrated
in Figure 17. Several major components were represented, as shown. For the veactor, seven channels
were used to represent the drivers, the internal blankets, the radial blankets, the coatrol assembhlies, the
reflector region, the shield assemblies, and a hot driver assembly. The bypass flow was also modeled.
Twelve axial nodes were used for each assembly, with two nodes utilized for the lower shield region, six
nodes for the active core, and four nodes used for the gas plena. Each axial node includes four radial
rings in the fuel region plus one for the cladding.

Data wtilized for representing the IHX, the pumps, the steam generators, and other key coolant
system components were taken from the PSID [Ref. 1] or were obtained directly from the applicant, The
EM pump representation was simplified, as S5C has no explicit provision for representing the EM pump.
(Such a model has been developed and tested in MINET, but has not yet been incorporated into SSC).
Therefore, the primary system flow rate was imposed as a transient boundary condition, based on
caleulational results from both GE's analyses and results we generated using the MINET Code.

SSC was originally developed to analyze oxide fuel LMRs. To facilitate modeling of the metal
fuel utilized in PRISM, several modifications were implemented, as documented in References 3 and 22.
For the most part, these modifications could be utilized to analyze the revised PRISM core design. The
principal change was the addition of a model for the Gas Expansion Modules (GEMs). Three of these
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assemblies were added to PRISM in order to supplement the negative recetivity vedback that develops
once the pumps have been tripped. When the pumps trip and the pressure - .. ps, the sodium within the
GEMs at the active core elevation is displaced by helium gas, thus increasing the leakage of neutrons
from the core and subtracting about 69¢ of reactivity, assuming all three GEMs function properly. The
operational mode of the GEMs is illustrated © Figure 18

The GEM is essentially an empty assembly duct, sealed at the top, open at the bottom and
connected to the high pressure in the inlet plenum of the core. A hexagonal cross section duct, with &
wal' thicknes. sligh*ly greater than the standard fuel and blanket duct, forms the unit. When the pumps
are at full flow, the plenum pressure (minus the static head to the GEM level) compresses the gas in the
GEM cavity to be above the core. This causes more neutrons to be scattered and deflected back into the
core, as compared to when the gas is adjacent to the core. When the flow decreases, the trapped belium
expands and drops the sodium level into the core region. As a result, fewer neutrons are scattered back
imu the core region. The reactivity effect increases as the gas expands into the core and remains constant
once the gas liquid interface drops below the core region. At this point the maximum negativity reactivity
of 69¢ (i.e. 23¢ each) is imposed.

In SSC, three equations are solved iteratively until they converge to give the correct sodium level
in the GEMs. They are:

Vet =V, + Vg (1)
Pg -~ pegshy «Pci (2)
PgeVg=Mg ¢+R+T (3)
where

Vi = total GEM volume (m**3)

vy = GEM sodium volume (m**3)

Vg = GEM gas volume (m**3)

Pg - GEM gas pressure (Pa)

Pei = Core Inlet Plenum pressure  (Pa)

o = sodium density (kg/m**3)

g = gravity (m/s**2)

A = GEM area (m**2)

hy = sodium level in GEM (m)

Mg = Mass of Helium in GEM (kg)

R = helium gas constant (=)

T = GEM gas temperature (K)

The gas temperature closely follows the GEM shell temperature which is determined hy tracking
the heat transfer between the neighboring assemblies and the GEM
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Cp *Mg *dT/idt = Q, (4)
where Cp = GEM helium specific heat (J/kg*K)
Q

it

heat from conduction from
surrounding fuel assemblies (watts),

and t = time (8).

These equations are soived at each time step to determine the sodium level in the core. The
worth of the GEMs when the level is equal to, or greater than, the top of the core is zero, When the
level reaches the bottom of the core, the GEMs are worth 69 cents. Intermediate values of reactivity
are interpolated linearly from the liquid level in the GEMs.

4.16.3.1.2 MINET Representation [Ref's, 19 and 20)

The MINET Code is a highly flexible and modular systems code which is based on a momentum
integral network formulation [Ret. 20]. While several different system representations were utilized in
analyzing PRISM, there were all variations on the layout shown in Figure 20. The core representation
includes user-specification of the heating term (decay heat once scram occurs), a: the reactivity feedback
modeling currently available in MINET is not sufficiently detailed for analyzing the passive shutdowr
mechanism, Models for the pipes and poc!s conserve mass, energy, and momentum along a length of
pining (called segments). The pump representation was extended to model the PRISM EM pumps,
including the coastdown response, in detail. The IHX was simulated as a full heat exchanger in some
cases, and as a user-inpit “heated pipe” in other cases. The RVACS heat loss was specified as a
time/temperature deperdent heat loss in volume 108. Some auxiliary piping and vaive modules were
utilized to facilitate simulation of postulated pipe rupture events. As a result, the valve modules identified
as 501 and 502 on Figure 19 have no physical equivalent in PRISM, and they are present only so the user
can allow the sodium fiow to leak or close off,

While the MINET models could be used to simulate several types of transient 2vents, the
applications thus {ac have focused in two areas. First, and most extensively, MINET has been used (o
simulate long term heat-up events. During these events a scrain occurs, and normal and ACS cuoling
are i0st, leaving unly the RVACS to remove the afterheat. After a few hours, the sodium becomes hot
enough for the RVACS spill-over to occur, which means transferring sodium from volumes 101 10 10°
in the MINET representation illustrated in Figure 19. Over the long term, the system gradually heats
up to a degree where the heat loss to the up-flowing RVACS air equals (and then exceeds) the decay heat
production, which may be a day or so after the event begins, The second MINET application has been
for postulated pipe rupture and pump seizure (coastdown failure) events. A complex model of the EM
pumps and the synchronous coastdown machines was implemented in MINET, and the results from these
calculations are factored into Section 4.16.3.3 4.

4.16.3.2 Dar age and Failure Limits

In se don G.4.16.3.2 [Ref. 1], the applicant cites the damage and failure limits for the cladding,
sodium, strw ture, and, to some degree, the fuel. For the sodium (boiling) and structure (ASME Codes)
these limits are easily quantified. The situation for the HT9 cladding is not as clear, and involves both
creep rupture and eutectic formation failure modes. For the ternary fuel, the limits are very hard to
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qQualify, and vary throughout the fuel lifetime and across each fuel pin. There is a time factor involved
in some of the failure limits, especially the cladding and structural temperature limits.

Sodium Boiling:

The saturation temperature for the sodium depends on the pressure, which varies with sodium
depth and pumping (increases system pressure and pressure drops). In PRISM, the in-core
sodium beiling temperature is ahout 1344 K (1960 F) if the pumps are operating and 1233 K
{1760 F) if the pumps are off.

Structura! Integrity

The ASME Code Level D limits are 1033 K (1400 F) over the short term (less than an hour) or
977 K (1300 F) over the longer term, i.¢., more than an hour. In general, the structural
temperatures will be similar to the reactor outlet sodium ‘emperature, although they will lag the
sodium temperature significantly during the early portion of a transient.

Cladding Failute:

HT9 has some excellent properties, especially with respect to surviving in a high neutron flux and
energy environment. However, at elevated temperatures, HT9 loses some of its creep strength
and also begins to interact with the fuel to form a low-melt vemperature eutectic. The applicant
has explicitly factored these failure modes into their analytical tools, and compares the cladding
damage in mils against the nominal cladding thickness of 20 mils. As a preliminarv design limit,
the cladding attack has been limited (by GE) to less than 10% of the wall thickr: s, i.e., to 2
mils. The applicant’s analyses of the bounding events show a maximum cladding attack of 0.22
mils for Bounding Event 1B and a trivial amount for the other bounding events. (Figure 16 only
shows the peak temperature and not the duration at the indicated values. Most of the transients
are fast, so the integral damage is correspondingly small).

Fuel Melting:

GE’s and ANL’s position is the following:

“Fuel melting, per se, is not a cause of pin failure. TREAT tests have demonstrated that
extensive fuel melting does not affect the basic pin failure mechanism. Failure by cladding creep
rupture, with clad thinning by fuel-clad liquid phase formation, is the appropriate mechanistic
ciadding breach criterion...”

If the relocation of fuel into the coolant channel and beyond were the sole concern, we would
tend to agree with this position. However, the PRISM reactor is not configured to give the
highest possible reactivity. Movement of a significant amount of fuel towards the center of the
core would increase reactivity and could lead to severe damage. The reference metal fuel has
only 75% smear density as well as a gap between the fuel and cladding at low burnups. Molten
fuel can reiocate within the clad which could cause an increase in reactivity for the core.

vi SR L
Both the ternary metal fuel and the HT9 cladding are in a development stage, and there is little

data available at significant burnup levels. Therefore, the temperature limits (eutectic formation
and perhaps others) are not really well known. Since ANL has been working with metal fuels

4-50
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In the DC tests, alternating sections of fuel and clad were sandwiched itto a molybdenum holder and
heated at constant temperature and examined for melting.  These tests showed melting for the PRISM
type fuel at approximately 903K,

Based on this information (which doesn’t include surface effects, irradiation effects or kinetic
factors) the eutectic temperature for U-26 Pu-10Zr fuel with HT9 clad must be assumed to be 903K until
more data are collected.

The DTA data probably represent equilibrium behavior for the system Fe U, and Pu at a series
of U/Pu ratios. The high temperature teaction of Zr with Fe and/or Cr to form the stable intermetallic
compound Fe,Zr, effectively removed the Zr from the system, The subsequent cooling curves were for
a mixture of Fe, Pu, and U. Fe forms low-melting eutectics with U (m.p. = 998K, &€ 4, U) and Pu
(m.p. = 683K, 90 */  Pu). For a first approximation, we can as ume the minimum melting point of
ternary Fe-U-Pu wloys lies along a line connecting these two points. ANL DTA data show the eutectic
temperature decreases with increasing Pu, consistent with this model. For the reference alloy 64U-26Py-

10Zr, an estimated melting point would then be ok 9’°G'§- 26 x 6831 or 907K, in good

agreement with the experiment.

However, for melting to occur at this eutectic temperature the U, Py, and Fe must come into
intimate contact in this ratio. When heating 2 fuel/clad mixture, Zr does not get removed from the
reaction by precipitation with Fe or Cr until much higher temperaures are reached. Zr may also
concentrate at the fuel/clad interface by reacting with the Fe or Cr to form (Fe, Cr), Zr and/ .r Zr (C,N)
at the interface, These can act as diffusion barriers to eutectic melting reactions, and de’'ay their oneet
as the temperature is raised. Fission products in irradiated fuels, especially lanthanides, 1yay also sffect
both the thermodynamics and kinetics of the melting process. The system is highly complex and not
readily explained in detail.

A collection of measured Fuel Behavior Test Apparatus (FBTA) test data was used to develop
the ANL correlation for cladding penetration. However, the data are (most'y) based on binary fuel or
ternary fuel with Type 3168S cladding. The component makeup of HT9 indicates that the peretration
rate might not be similar to the previous data with D9 or 316SS in binary, or ternary tuel. Only three
data points from U-19Pu-10Zr with HT9 at 3% burnup were reported to dats:

Rate (um/s) Temperatvre (K)
0.018 1053
0.0146 1023
0.009 972

They fall on a straight line. This correlates to R(zm/s) = exp [2.05 T (K) - 5289.6/(T (K) - 273)] which
is lower at higher temperature, but higher at lower temperatures than the ANL correlation. At 903K the
ANL correiation gives 4.3318E-4 um/s (or 32.6 hours to penetrate 50.8 um of clad) and the above
correlation gives 4.247E-3 um/s (or 3.32 hours to penetrate S0.8 um, which is G.E's definition of
cladding failure). More data are needed with prototypical fuel and clad before final coaclusions can be
made.

It must be noted that the evaluation of the eutectic data base for U-26 Pu-10Zr with HT9 has just
started. Due the different chemical make up of Type 3168S and HT9, data collected with Type 316 S8
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Table of Initial and Key Operating Parameters

Descrioti
Power (MW)

Cover Gas (kPa)

Primary Flow (kg/s)

Primary Sodium Inlet (K)

Primary Sodium Outlet (K)

Inlet Plenum (kPa)

Pump Rise (kPa)

Assembly Length (m)

Core Height (m)

Peak Fuel Pin/Average Fuel Pin
Fuel Pin C.) (m)

Driver Fuel Pins/Assembly
Intermediate Sodium Flow (kg/s)
Inzermediate Sodium THX Inlet (K)

Intermediate Sodium IHX Outlet (K)

PRISM
471

993
2513
6109
758.1
744 6
6143
4978
13462
1.31

331

555.4

716.5
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6141
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Table 2

Table of Peak Temperawures Predicted by SSC and ARIES

Paramsier ARIES 85C
Pesk Power 1.7 1.7

Peak Na (K) 951 934
Peak Cld (K) 979 960
Peak Fuel 1292 1298
Average Driver Peak (K) - 1164
Na Suturation (K) - 1340

conductivity is set 10 that of the nominal fuel, so that SSC cowd be consistent \ith the ARIES calculation.
(This is changed in the next SSC calculation). The figures show that the peak temperatures are in the
core center (axially) rather thau near the top, as was the case in the previous PRISM design analyses.
Excess reactivity, needed to compensate for the axial expansion reactivity loss and other factors, requires
the control rods 1o be inserted deeper in the core than previously (also causing the need for the control

rod stops), resulting in stronger bottom power peaking. The fuel centerline temperature plotted in Figure
26 shows that the temperature reaches 1298 K, which is above the 1273K solidus temperature for the
nominal fuel. This solidus temperature is not thought to be conservative, since local melting femperatures
can be impacted by isotope migration, which can reduce the solidus and liquidus temperatures.

Fuel melting was predicted in both the ARIES and $SC calculations. The extent of relting
depends on the peaking factors used and the thermal properties. GE has estimated a peaking factor (¢,
peak driver pin compared 1o the average driver pin) of 1.31, which was used in both codes. However,
it must be noted that this directly impacts the maximum temperature, and we do not have any direct
confirmation that this peaking factor is appropriate. The thermal properiies are still under review and
have not yet been finalized for the present fuel in PRISM. The estimated behavior of the isotopes and
their migration have not been resolved either. Significant migration Jf the uranium and zirconium
components occurs in the EBR-11 fuel and is predicted for the PRISM fuel. High Zr levels reduce the
solidus temperature and the thermal conductivity. Pu may also migrate, which could greatly reduce both
the solidus temnperature and the thermal conductivity, especially if the impact on local volumetric heating
rates within the fuel is taken into account

Because the metal fuel development program is ongoing, particularly with respect 1o the ternary
fuel, several key factors have not yet heen determined. The fuel is very dynamic when compared to
oxide fuel, since the fuel experiences swelling, element migration, sodium logging, inter-porosity
connections, fission product formation, and permanent axial expansion. The thermal conductivity is
affected by all these factors, and irradiated fuel shows a minimum conductivity at 2% atom burnup when
sodium logging (sodium filling the porosity within the fuel region) and inter-pcrosity connections have
not been completed, The minimum conductivity is generally taken as 0.5 + 0.1 times nominal, while
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The decrease in flow and increase in reactivity causes o fast heat-up of the system. In Figures
38 and 39, the predicied power and core outlet sodium temperature, respectively, are shown. At shout
300 s, the power and flow begins 10 stabilize, and natural circulution is established.  Also, fower
temperature sodium reaches the core, from the operating IHX, and decreases the reactor outlet sadium
temperature.

The reasons for the decrease in power can be seen in Figures 40 through 42, where the reactivity
fesdbacks are plotted.  This initial response comes mostly from the 3 GEMs, as shown in Figure 42
As the pumps coast down, the sodium level in the GEMs drops, adding negative reactivity as the pump
outlat pressure decreases. This holds down the power 1o flow ratio, so enough coolant Now is available
o remove the heat generated. The fuel and chan s increase in temperature, expanding, and adding
negative reactivity from radial expansion, as sho Figure 41. However, the GEMs dominate the
other feedbacks, causing the power to decrease, 1. ower level settles around 10% of rated power,
with the feedbacks from the GEMs and the temperatures of the structures having reached & new (critical)
equilibrium point.

The reactor outlet sodium temperatures are shown in Figure 43, with the hot channel outlet peak
predicted w be 1015 K. The corresponding fuel temperature is the initial value, and thus is near the
center of the core.  The various temperatures in the hot driver channel, near the ore center and the core
outlet, are shown in Figures 44 and 45, respectively. The internal and raCial blanket temperatures
increase from the normal operating levels, but no fuel temperature limits are even approached. Figure
46 shows that the margin to boiling in the ULOF/TOP is 215 K. The sodium level in the GEMs, which
drops quickly as the pumps coast down, is shown in Figure 47, With the addition of the GEMs, it is now
apparent that the PRISM design could withstand « ULOF/TOP of 40 cents. The power would transition
to about 10% of the rated level, due to the negative reactivity feedbacks from the GEMs.  No fuel
damage is predicted.

4.163.3.1.4 Peak UTOP Temperatures

The peak temperatures predicted in the UTOP event calculations are shown in Figuve 48, which
also shows the pertinent temperature limits. As was discussed, the peak temperatures for the Event 1A
40¢ UTOP with the normal cooling were very similar, as long as we used GE's assumptions. Thus, the
two sets of bars in the left half of Figure 48 are quite similar. Both calculations indicate some fuel
melting in the hottest part of the core, although the damage would be pretty localized if nomins! fuel is
assumed. If zirconium migration is considered, the fuel damage would be more extensive. L wever,
if the peak cladding and sodium temperatures appear 1o be acceptable, PRISM could probably survive
the fuel melting if there was little or no effective compaction of the fuel material in the pins (a
compaction would lead to increased reactivity and power production). However, if the lower cladding
damage limit of 903K (Section 4.16.3.2) applies, then significant cladding damage could ogene

Peak temperatures for the same event, If we assume plutonium migration, are indicated by the
third set of bars in Figure 48, The pe:k fuel temperatures are very high, although the peak clad and
sodium temporatures are little changed. Even if the ¢ladding remains intact, it appears that the fuel
damage would be wide-spread and severe, assuming that plutonium migration is a genuine problem in
the ternary fuel. Should further experiments indicate significant plutonium relocation, it may be
necessary for GE to reduce the maximum ¢redible TOP initiator,

The final case in Figure 48 is an instance where the design changes have resulted in enhanced

safety, as this was previously one of the more hazardous unscrammed events. However, the addition of
the GEMSs has significantly improved PRISM response, and the principal concern remaining would he
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potential cladding damage. Further, if one could be quite certain of the GEMs functioning, then the
aperator might intentionally trip the pumps during a UTOP event, to reduce fuel damage' (However,
this strategy could be hazardous if the GEMs fail 1o actuate, so it is doubtful this approach would be
adopted).

4.16.3.3.2 Bounding Event 2. Loss of Power

The Bounding Event 2 defined by the NRC staff includes an assumed reactor sciam, which occu’ »
when the power is lost. The applicant stated that this event is not interesting, and proceeded to analyze
an unscrammed version of Bounding Event 2, We concur with the applicant's conclusion regarding the
scrammed case being uninteresting, as discussed in the next section. Their choice to analyze an
unscrammed version of Bounding Event 2 is also convenient, as it offers an opportunity to reconsider
some of the prior "beyond the design basis events (BDBEs)" covered in Appendix E of Reference 1, but
not re-unalyzed as part ¢f Appendix G, Therefore, we have included here the analyses of a few variations
on Bounding Event 2.

4.16.2.3.2.1 With Sccam

Bounding Event 2, a loss of power with scram, does not seriously challenge the PRISM reactor
system, as it is designec to passively accommodate such an event. A loss of power will cause the controi
rods to fall into the core, providing a fast and effective reactor shutdown. A loss of power will also
result in the trip and coastdown of the system pumps. This would imply that the water inventory in the
steam generators and steam drums woc ' be available as a heat sink. Further, the ACS should provide
natural draft air cooling of the excerior of the stearn generators. Thus, with natural circulation in the
primary and intermediate loops there should be very substantial cooling. in addition, the RVACS is an
entirely passive system, and RVACS by itself is effective enough to prevent damage.

The performance of the PRISM system with scram and with RVACS providing the only cooling
is discussed in Saction 4.9.3. Peak sodium temperatures develop after 24 hours into the event, and are
more than 40 K below the ASME C limits for the reactor vessel.

4.16.3.3.2.2 Witnout Scram-Variant Cases

The applicant chose to analyze a combined loss-of-flow and loss-of-heat-sink without scram,
which is roughly »quivalent 1o a ioss of all pumping without scram, neglecting the reduced rate of heat
removal through the intermediate loop baced on natural circulation. We analyzed a similar event, as
discussed in the next saction. The variant cases covered in the two sections that foliow represent a loss
of primary pumping (ULOF), and a loss of all ".eat removal through the intermediate loop (ULOHS)
which might occur if a large sodium-water reaction caused the dumping of the intermediate loop sodium.

4.16.3.3.2.2.1 Combined ULOF/ULOHS

This transient is initiated from full power conditions, as defined in Tavle 1. The transient is
initiated by the EM tripping and beginning to coast down, while the IHXs stop removing heat from the
primary loop. The reactor does not scram.

As in all flow coastdown transients, the likelihood of the fuel vemaining undamaged is directly
related to the power to flow ratio. As long as enough coolant flow is available to remove the generated
heat, the fuel temperature can be maintained at acceptable levels. Figure 49 shows that the reactor power
level in PRISM decreases with the flow rate. By 300 s, the power level drops to about the decay heat

4-90
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level. The neutronic feedbacks, which reduce the power, are related to the power-to-flow ratio, which
determines the sodium temperature in the core. The core outlet temperature reaches 950 K at the end
ot the 1000 s, as shown in Figure 50.

In Figure 51, the total reactivity is plotted. At the end of 1000 seconds, the net reactivity is near
-$1.15. Figure 52 shows three of the corponents of the total reactivity. The sodium feedback reaches
about + 15 cents, while ihe axial expansion reaches about -5 cents. and the radial expansion goes to <16
cents. The compenents of the radial expansion are the above core load pads (ACLP) and core grid plate,
which are ploited in Figure 51. The large thermal mass of the system delays the grid plate hewt-up. The
dominant feedhuck during this event is the negative feedback from the gas expansion modules (GEMs),
as shown in Figure §3. The Doppler feedback, also plotted in Figure 53, shows a positive response
becouse the GEMs reduce the power so quickly that the fuel actually cools down and does not heat up
enough to give a negative feedback until after 400 s into the transient.

The 3 GEMs have a total reactivity worth of <69 cents. During the ULOF, he gas region drops
into the core region as the pressure in the inlet plenum decreases. The fast insertion of negative reactivity
reduces the power, keeping the power-to-flow-ratio favorable, 30 the heat can be removed without fuel
damage. The drop in the GEM sodium Jevel with core inlet pressur2 (or pump coast down) can be sgen
in Figure 54 and 55, with the corresponding reactivity insertion included in Figure S3. It can be seen
that the GEMs quickly add -66¢ by 100 s, reducing the power nearly as quickly,

I'he fuel temperatures drop very quickly at the core center. During the transient, the peak fuel
temperatures shift to the core exit, where the peak sodium temperatures cause the highest fuel
temperatare. In Figure 56, the temperatures at the exit of the hot channel are shown. The fuel reaches
4 temperature of 990 K by 1000 s, and is in & range where eutectic penetration would begin. Finally,
the margin to boiling is shown in Figure 57, which indicates the closest margin to hoiling is near the end
of the simulation period, and is 215 K from boiling. This margin may decrease, depending on the
duration of the heat up.

4.16.3.3.2.2.2 ULOF Only

The ULOF is initiated by a trip and coastdown of the EM pumps from full power. The initial
conditions corresponding to full power are as shown in Table 1. Two cases were examined, namely with
and without GEMs,

With GEMs Case

The power immediately begins to drop, as shown in Figure 58, and reaches decay heat by 500
s, since there is enough negative reactivity at these temperatures to keep the core subcritical. The core
average sodium outlet temperature, shown in Figure 59, reaches a peak of 830 K. The peak temperatures
from the hot driver are plotted in Figures 60 (center) and 61 {top). In Figure €2, the net reactivity is
plotted. The reactivity contribution from GEMs is shown in Figure 64. The GEMs insert about -58¢
by 200 s, but do not reach their full worth untit 600 s  This effect is caused by the increasing
temperature and pressure of the cover gas, during the beginning part of the event, and higher density
sodium coming in from the (still functioning) IHX. Note that in Figure 62, the radial expansion
camponents, i.e., the above core load pads (ACLF) and core bottom grid plate, turn positive since the
GEMSs push the power and temperatures down. As is also shown in F igure 64, the Doppler and control
rod drive line (caused from vessel expansion) feedbacks turn slightly positive. Figure 63 shows that the
axial and radial expansion feedbacks are positive, while the usuall ¥ positive feedback from sodium density
goes negative a few cents, due to the reduction in average sodium temperature, as referenced from
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Figure 63. Predicted Radia! Expansion. Sodium Density, and Axiai Expansion
Reactivity Feedback from SSC for a ULOF with GEMs.
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Within 10 seconds of the IHX being shut off, the temperature of the sodium entering the THX is
thie same s that leaving, as seen in Figure 7). The result can be sven in Figure 72, where the power
level transitions 10 @ decay heat level by 500 seconds. Figure 73 shows the sodium temperature in the
core inlet plenum starting to increase by 80 s, The outlet sodium temperature is shown in Figure 74,
The slow heat up of sodium is because of the large sodium pools and the metal mass, giving the primary
sodium a big thermal sink.

The resultant neutronic feedbacks are shown in Figures 75 through 77. Figure 75 shows that the
increase in sodium temperature results in the net reactivity dropping down to about -27¢ by 600 5. This
is what is left over after overcoming the power defect, since the absolute temperature of the system has
increased. The radial expansion, shown in Figure 76, is the dominant feedback in this event, and drives
the net feedback, with the grid plate expansion shown 1o be the largest contributor to the negative
feedback. The hot inlet sodivm thermally expands the grid plate and reduces the fuel density by
spreading the assernblies of the core, causing more fast neutron leakage. These higher temperatures also
increase the axial thermal expansion feedback, contributing aboul -8 cents.  The higher temperatures
increase the positive feedback from the sodium density 1o ghout 14 cents, Figure 77 shows that the
Doppler feedback is worth only about § cents. The control rod drive line expansion has a maximum
reactivity worth of oniy <7¢ by 200 5. By 200 5, the rods are already being withdrawn due 10 the vessel
expansion, which pulls the cantilevered rods back out of the core once the vessel expansion out paces the
control rod drive line expansion. However, over the long terni, the grid plate expansion and other
thermal expansion feedbacks largely counteract the eftect.

The temperatures in the hot driver are shown in Figures 78 and 79. The temperature decreases
after about 75 seconds. This figure is representative of all the mid-core temperatures. Some of the fuel
centerling temperatures below the core center increase because of the increase in the sodinm inlet
temperature.  Since the reactor power transitions 1o decay heat levels, the fuel temperatures are not a
concern for this event. Finally, Figure 80 shows the margin to sodium voiding 10 be about 560 K, which
is quite large and not & reason for cencern.

Thus, the ULOHS event does nat appear 10 pose @ significant challenge to the PRISM passive
shutdown. The peak fuel temperatures all decrease, and show no fuel damage uuring the first 600 .
The only concern might he the extent of this transient and any impact on the service limits.

4.16.3.3.2.3 Comparing the ULOF and ULOHS Cases

The peak fuel, clad, and sodium temperatures for the various unscrammed 1oss of flow and/or
heat sink, along with key temperature limits are shown in Figure 81, GE's results for Event 2' are
tepresented in the first set of bars, which directiy correspond to those included in Figure 16. Peak
temperatures from the equivalent BNL calculations are shown :n the second set of bars, The difference
in peak fuel temperatuies remains unresolved. The peak fuel temperatures in the BNL caleulation occur
«t the beginning of the transient, because tripping of the pumps iriggers a quick response from the GEMs,
which brings the power down before the sysiem can begin to heat up. 1t is unclear 1 us why the fuel
temperatures increase in the applican.’s analysis, With respect to the peak clad and coolant temperatures,
both analyses indicates similar temperatire incresses, which could lead to some cladding damage,
depending or  ow the sparse data available is interpreted (see Section 4.16.3.2).

The BNL results for the ULOF event, with and without the GEMs functioning, are represented

by the 3rd and 4th sets of bars. Obviously, the peak temperatures with the GEMs functioning properly
pose little concern. However, without the GEMs, there could be significant cladding damage.
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4.16.3 1.4 ULOF Events With Coastdown Failures

As an EM pump has virtually no inertia, it was necessary for GE to use synchronous machines
1o provide an artificial coassdown.  These machines, which are little more than flywheels coupled with
motor-generstor units, are operated continucusly so that if there is @ poveer 1oss o other malfun:tion then
there will be a resultant coastdown . As the synchronous maching is coasting down, the rotational energy
is tapped and diverted 1o the EM pumps, which experience @ gradual, pre-progiammed reduction in

power .

Because the passive reactor shutdown requires some time to bring the power down, the absence
of pump coastdowns can be & major safety concern. Therefore the synchronous machines and the cables
are crucisl safety components. The designer’s decision 10 move these macaines into the seismically
isolated zone is believed to be a major improvement. Further, the addition of the GEMs has been very
heipful, as the luige and capid negative reactivity feedback that 1esults when the pumps are tripped really
boosts the effectiveness of the passive shutdown.

Even though the designer’s modifications in this area have addressed some concerns, possible
pump coastdown failure modes remain an area of concern. In this section we cover three cases: the loss
of one coastdown during # ULOF event, the instantaneous loss of one pump at full power, and the
instantaneous loss of all pumps at full power. 1t is emphasized that the last case is thought to be
exceedingly unlikely, and is considered here mostly because of the GEMs, as there was some chance they
might make this event acceptable (unfortunately, they did not).

4163341 ULOF on 3 of 4 Coastd s

In this case, we assume a normal ULOF event with one pump coastdown missing entirely. This
is bounding event 4, so our calculations can be compared against those provided by the gpplicant in
appendix G.

Analysis of this event was complicated by our need 1o calculate the sodium Now rate through the
reactor power using the MINET Code, and to calculate the reactor power using the SSC Code, Since
the reactor power level and the sodium flow rate are closely coupled, a ceuple of passes were needed to
assure (Lo two calculations were consistent.

In the MINET modeling, the pumps were represented individually, using the fauly detailed pump
head and torque curves provided by GE. Some of the complexicy is caused by the stoppage of one pump,
which creates an open pipe-like pathway foi the sodium to shori-circuit back to the inlet of the other
pumps. The results can be observed in Figures 83-86  Normally, the flow through each pump quickly
drops from 630 kg/sec. 10 about 300 kg/sec., and then coasts down, as shown in Figure 83, Instead, the
flow per pump goes to about SO0 kg/sac., and the coastdown from there is more protracted, as shown
in Pigure 84, These changes are caused by the flow reversing trough the failed pump, as shown in
Figure 85. With that line open, the circuit flow (esistance is sharply reduced, leading to the surging in
the pumps that are coasting drwn, and the reduced torque that causes the coastdown to be stretched out,
As a restlt the coastdown of sodium flow rate through the reactor, shown in Figure 86, is not nearly as
severe as one might anticipate.

The fiow coastdown predicted by MINET was used to drive the SSC caleulations. The calculated
power from the SSC prediction is shown in Figure §7. The reasons for the st power reduction are
shown in Figures 88 through 90, which include the various reactivity feedbacks at work, In this case,
the reactivity from the GEMs, which is shown in Figure 90, dominates the others, especially over the

4-129

B e P P P S U g . B N —— T TR



e

B e e




0-00s

L

(S) 3WIL
0-005

C 0ck

: waopiseo) sdwng
{ pue amzag dwag € Yie SHOTAOTN ¥ 10) JINDN Wol wop] dwng pawipaly py 2081

07008

0T oo

27001

g0
0o

- 0°001
- 0-002
- 6" 00t
- 0" 00%

4‘0.03

- 07008

07004

(S/9N) 314N MOT4 dWNd NMOOLSHOD

4131




suming ¢ wos)
UROPIEO) Gim SHOTAOIN ® 10j dwing W3 paziag & ul mofg PIPIpalg  “gg unBiy

gl MY T
e Y et SRS
3°008 0”008 0 00 a'ges )" 008 000w 0" 00% 0"002 BRRY 344 0
0’ oos-
‘.*D.uom.
- G 00%-
~ - 0°002-
\\\
e L n o
L= I

- 0°002

07003

a°008

2135

-
L

——
</

3

(5/83%) 314N MOT4 dWNd

4132




e

’

e p——

e e s et e

b e

——— .-—,-.uj




fisld)
jlig}

c———

+ oA~

L)

¥







———————

S SU—— Y












‘paniag
daing | yim JOI) € 20§ DSS WO UL [0 € JO (W £/470 - W /650 “31)
PON Ao 3 WOz pay) g Joj GonnRquIs(] amesadmia ] [ang paIpalg 76 2indig

mnp
fug (s) aw)
0000l G008 0008 000. 0009 0005 000 O00E 000Z 000 00
: : _ _ L h p . : -0'009
-000L
-0'008

00001
WNIPoS = »
pep = - {
punog RQ eng = v -0CCl
QUi JBIUA)) JON4 = o
1BALQ) 10K
ooz

() einjeiadwa)

+0




dung paziag [ Yim JOII) ¥ 40§ DSS Wy uid jang e jo (W 7710

- w opg | "1 spoN doj g 10j uulngqinsiq aameradwa] [eng peipald 'té amdi §
1B
aq {s) aunj
0000 0008 0008 000L 0008 000S 000y OVOE 000z OOCG 00
: ) g | i 5 L i i 00N,
- 0008

00086

’ 0 0001

WNPOS = *

PO = o - 0001

punog N0 | = ¢

eur B |ENg = ©
13AQ 10H

-0002

(1) simieiedwa)

4-14,




Paziag dwing 1 Yim JOI) 2 10; DES WO JONRINGES WnIpog 03 VidIe paipaly vg d4ndig

0C00i 0008 0008 0O00L 00CO09 000S 000Fr OO00E 0©O00Z 000
! 1 i i i 1 | | d /|

(s) suny

00

dwa] uonemn}es = o
BAUQ 10H = «
uibiepy uoneinjeg

:'1

4 00

-0002Z
-000v
-0009
-0°008
G000

- 00021

0'00%L

{3l) sanjesaduig]

4-142



‘paziag dwng 1 yits JOTN) € 10§ DSS Wol amieiadwa | waipos afelaay NXT A0y §p N

inon
juqg (s) suu |
0000 0006 0003 000 0009 000§ 000r 00CZ 0002 000 00
: 1 1 1 ! | e )1 | ooom
- 000,
l
ooos 3
B
@®
o
[ =
=
D
- OG5 T
2
- 0°0001
1| pnQ0 810D = c~
0'00LL

4-143




a4 e

1126 -

0.750 -

0.625 -

0.500 -

0.375 -

0.250 -

s = Rel Power
o = Norm. Core Flow

oo

3

b}

0.0

10C.0

1
2000

!
3000

4000

500.0
Time {s)

600.0

7000

8000

.
9000 10000

Figure 96. Predicted Relative Power and Normalized Core Flow from SSC for a Purap Seizure.
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Figure 105 Predicted Relative Power and Normalized Core Flow from SSC for a Pump Seizure.
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