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AllSTFACT

f

Analyses of the 1990 version of the PRISM AdvanceJ Liquid Metal Restor (ALMR) design are
presented and discussed. Most of the (alculations were performed using IINL computer codes, ,,

particularly SSC and MINET. In many cases, independent ilNL calcubtions were compared against
analyses presented by General Electric when they submitted the PRISM design revisions for evaluation
by the Nuclear Regulatory Commission (NRC),

he current PRISM design utilizes :he metallic fuel developed by Argonne National Laboratory
(ANL) which facilitates the passive /' inherent" shutdown mechanism that acts to shut down reactor power
production whenever the system overheats. While most of the teactivity feedbacks are negative, and
therefore tend to reduce pawer, the sodium density feedback is positive. Iloiling of the sodium could add
a significant amount of positive feedback and cause a power increase. Various postulated unserammed

-

events were examined by GE and/or llNL, and much of the analysis discussed in this report is focussed
on this category of events.

For the most part, the IINL evaluations are consistent with the analyses submitted by General
Electric for PRISM._ The principal areas of concern are related to the performance of the EM pumps and
the many facets related to the ternary metal fuel. %e ternary metal fuel is still being developed, and
many questions regarding the fuel may be resolved as ANL continues with its metal feel development and
testing program.
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EXECUTIVE SUMM ARY

This report is part of a continuing process to evaluate the General Electric (GE) Advanced Liquid
Metal Reactor (ALMR) concept known as PRISM. Analyses performed in order to evaluate the PRISM
concept as documented in the original Preliminary Safety information Document (PSID) are summarized
in the draft Safety Evaluation Report (SER) (NUREG 1368) and detailed in a supporting BNL report
|NUREGICR-5364). During early 1990, in response to comments included in the SER, GE chose to
amend the PRISM PSID and added Amendments 12 and 13, which formed a new Appendix G. Ilecause
GE did not alter the first Ove volumes of the PRISM PSID (Appendix G became Volume 6), we have
lett the corresponding independent analyses in the earlier reports intact. The new independent analyses,
corresponding to the revised PRISM design documented in the new Appendix G, is documented herein.
In addition, material included in this report will be factored into the NRC staffs SER, which will take
into account PSID Appendix G. For that reason, the outline of this report corresp(mds to that of GE's
PSID Appendix G.

The recent design revisions, made largely in response to NRC corcerns, have been quite
-

significant and have changed some of our perceptions regarding the safety of this design. The increase
in reactor power (for economic reasons) may have changed some safety margins, and the switch to a
single-wall tube helical coil steam generator may increase the likelihood of a tube leak and a sodium-
water reaction (note: this steam generator design also has good accident mitigation capabilities). Addition
of the Ultimate Shutdown System (USS) and the containment dome are believed to be significant safety
improvements. Modifications to the below-core structure, the seismic design (especially regarding the
placemenis of the synchronous machines), and the tilts Auxiliary Cooling System (ACS) are also
considered to be substantialimprovements. Some changes were also required to compensate for new test
data for the ternary metal fuel. Rese changes include a reactor-redesign, and the addition of the GEMS
and the control rod stop sys.em.

Out overall evaluation of these changes is that the PRISM system design has been improved, but
that a more detailed evaluation of the ternary metal fuel has revealed some apparent problems. The data
collected to date clearly shows migration of the uranium and zirconium components during burrup, and
suggests that some plutonium migration may also occur. In addition, the temperature cited by ANL for
the onset of eutectic penetration at the fual cladding interface (970K) may not be conservative, as simple
modeling and the early data suggest a lower limit (900K) may be more correct. It must be recognized that
the ANL experience with the high Pu (26.5%) ternary metal fuel has been quite limited, and that some
problems should have been expected. More data is needed before ANL can resolve some of the current

_

questions about plutonium migration and low eutectic temperatures.

The research and development program outlined by CI' c6 vers many of te higher priority needs,
and includes some indications that there will be increased emphasis on examining factors important to
accident mitigation. It is clear that most of the R&D support will be in the metal fuels area, particularly
a fuel cycle facility (HFEF/ South) and further testing in EBR-ll. Part of this work will likely examine
the impact of factoring minor actinides into the ternary fuel, which should take place if LWR spent fuel
is to be used to produce the initial fuel loading for PRISM. If the only minor actmide feed for PRISM

-is that which comes along with the LWR spent fuel plutonium, the in. pact on core physics parameters
may well be acceptable. (However, a special purpose machine having more actinides than uranium and
plutonium would have some signincant reactivity problems and would bear little resemblance to PRISM).

.

Although GE did not discuss their planned RAD into key severe accident issues, such as rapid
axial expulsion and the behavior of molten metal fuel in sodium pools, it is clear that they, along with
DOE and ANL, plan to increase the efforts in these areas.
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The bulk of GE's Appendix G* is addressed to 19 ' Safety issues", as interpreted by GE from
the dratt SER$ Some of our evaluations of these responses follow.

OmlitinDKnt

The PRISM reactor sptem is very different from light v ater reactors (LWRs), so one has quite
dif ferent design objectives. With respect to a possibh sodium tire event, analysis indicates the current
containment design should properly contain a worst-ease sodium pool fire. A principal concern regarding
the PRISM contamment is that data for metal fuel behavior during a severe accident is unavailable, so
it is very difficult to characterize the potential challenges to the containment.

Ihdhutdnwn SyFRM

Because of the large positive sodium reactivity worth, and despite the passive reactor Adown
cha:acteristie, the reactor shutdown system is one of the rnost important safety systems in lHISM. The
main shutdown system, based on six independent control tod sub sptems, appears to be highly reliable _

and redundant, However, the recent addition of the Ultimate Shutdown System adds an alternate
shutdown system and thereby largely addresses a previous concern. With respect to the Control Rod Stop
System, it is needed to reduce TOP initiators to levels acceptable for the fuel in PRISM. However, some
operational aspects of moving the small distances required for the control rod stops has not been
completely explained b the vendor.3

Sodium Void

GE and ANL are making progress in trying to address our concerns regarding the large positive
'

sodium void reactivity worth. Clearly, no one wants this design characteristie, but the options for
eliminating it are limited and have undesirable impacts on other design characteristics. GE's stated
resp (mse has three components. First, the chances of the sodium boihng are very small (we concur).
Second, if the sodium boils the resultant HCDA could probably be absorbed without catastre. hie results
(appears to be correet). Third, their most viable options for reducing the sodium void worth, using the
metal tuel, is to Spoil" the geometry so as to increase neutron leakage and the " increased leakage"
component of the sodium voiding reactivity feedback. Unfortunately, this increases the burnup reactivity
swing, and therefore the potential size of the UTOP initiator.

_

Sodium / Water Reaction Pressure Relief System (SWRPRS)

By switching from the straight double-tube-wall steam generator (like EBR-II) to the helical-coil
single-tube-wall steam generator, GE has probably increased the likelihood of a tube rupture but has also
improved the capability to deal with such an event. The main objective of this system is to prevent
damage to the IHX. The revised SWRPRS is likely to prevent damage to the IHX, based on both an
active (isolation valves) and a passive (rupture disks plus carefully chosen piping elevations) sub-system
that is included in the system.

* General Electric Advanced Nuclear Technology, " PRISM Preliminary Safety Information Document
(PSID)," GEFR-00793, UC-87Ta, December 1987 (Limited Distribution).

' Landry, R. R. King, T. L., Wilson, J. N., " Draft Preapplication Safety Evaluated Report for Power
Reactor Inherently Safe Module Liquid Metal Reactor," Nuclear Regulatory Commission Report,
NUREG-1368, September 1989.
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Reactor Venel Auxiliary Cooling System 1B_VACS)

RV ACS is one of the most important safety systems in the PRIShi design and seems very difficult
to defeat. Our calculations have consistently confirmed those submitted by the applicant, and RVACS
appears to be an excellent decay heat removal system. At this time, it is difficult to develop any
reasonable failure probabilities for this system; however we suspect a massive seismic event may be the
dominant contribution. There is a very subtle failure mode that may eventually prevail for this and other
passive systems. This is based on system degradation coupled with a primary failure, e.g., the reactor
vessel leaks and the heat transfer surfaces are fouled. Of course, this type of failure mode may be very
low, but this could be the dominant mode for a system that is very highly failure resistant,

hiulti-Modult Qntrol

A nine-module PRIShi plant should be controlled by a statemf-the-art digital control system. The
technology is available or can be readily developed. However, the size and complexity of such a system -

would make quality assurance and/or independent assessment a very formidable task. The more practical
approach would be to determine that the reactor is sufficiently well protected by the Reactor Protection
System (RPS) and by the passive response characteristics, such that errors generated by the control system
would not be damaging.

Prototype Tess

We consider the prototype testing of the first PRISt.1 module to be quite desirable, particularly
with respect to the passive shutdown response and fuel performance. The vendor has expressed a desire
to substitute an air-dump heat exchanger for the steam generator and sodium-water reaction protection
relief system. The prototype would be much cheaper without these large and complex systems, and the
impact on the test program would be minimal regarding determining core performance, llowever, some
testing of these systems would be necessary, perhaps using some separate facilities, and they could be
added later, if needed.

Safety Analyses

Several postulated events were analyzed using independent codes, such as SSC and hilNET in
-

many cases, we could duplicate GE's calculations. However, the 13NL calculations wer e O . %
conservative.

Generally speaking, the PRIShi RV ACS has consistently stood up to close scrutiny, and it appears
to be a sery robust system. It is difficult to adequately factor this system into a PRA, because nost
failure modes are barely credible. We suspect the most plausible failure mode may be a single failure
(blockage of one duct or a leak in the reactor vessel, for example) in combination with previously
unnoticed degradation in some key performance parameters. While this combination may be unlikely,
it may be more likely than either a double vessel failure or the complete blockage of all four air ducts.

The situation regarding the passive reactor shutdown is far more complex, especially since the
flow of data for ternary metal fuel has on'y recently begun. hiost of the metal fuel characteristics are
based on extrapolations from binary data or a few ternary experiments which have either different
cladding or PU concentrations. hiore data must be collected since the ternary metal fuel behavior appears
to be very complex and there is evidence of some undesirable redistribution of the uranium, zirconium,
and perhaps the plutonium components. In addition, the potential for eutectic penetration at the fuel-
cladding interface at relatively low temperatures appears to be possible. Some changes may be need >d
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if the new data does not support the higher eutectic temperatures now postulated by ANL.

The greatest chslienge, at the moment, appears to be the unprotected transient-over-power-
. (UTOP) event, which boosts fuel centerline temperatures. The peak temperatures of a 40c 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 50 as to reduce the largest TOP initiator into the 30c

- range to reduce peak center line temperatures. De vendor c!carly has some options in this area,. so it
seems wise to 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 events 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 well for the ULOHS events, and
nothing has changed significantly with the revised design.- If there are prob' ems 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 ever.ts 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 formation at the temperatures experienced during the unscrammed events is very
slow, 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 lower temperature limits, GE may need to make some materials
substitutions or other 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 remaining technical problems
can be resolved. .Until more wc:k 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.

18
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l. INTRODUCTION

This teport is pan of a continuing process to evaluate the General Electric (GE) Advanced Liquid
hietal Reactor ( Alh1R) concept known as PRIShi (Ref.1). Analyses performed in order to ev duate the
PRISh1 concept as documented in the original Preliminary Safety Information Document (PSID) are
summarized in the G att Safety Evaluation Report (SER)(Ref. 2] and detailed in a supporting BNL report
[Ref. 31 During early 1990, in response to comments included in the SER, GE chose to amend the
PRIShi PSID and aJded Amendments 12 and 13, which formed a new Appendix G '' Because GE did
not altet the first the volumes of the PR Sh1 PSID (Appendix G tecame Volume 6), we have left the
corruponding independent analyses in the earlier reports intact. The new independent analyses,
conesponding to the revised PRISN1 design documented in the new Appendix G, is documented herein.
In addition, matecial included in this repon will be factored into the NRC start's SER, which will tale
into a;eount PSID Appendix G. For that reason, the outline of this report corresponds to that of GE's
PSID Appendix G.

In responding to the SER, GE switched to a newer splem design (al eady under evaluation by
DOE) and responded to concerns expressed by the NRC staff. some of which originated as part of the
independent evaluations performed by BNL in reviewmg Appendix G, we have deferred to the NRC
m several instances where GE is responding to a concern expressed originally by NRC staff (i.e., not a
concern originally flagged by BNL) or where GE's response to a concern is based an a licensing position
as opposed to a design change or new analyses.

Appendix G was written by GE primarily to help resolve NRC conceins through design revisions,
improW analysis, or increased R&D commitments. Ilowever, because of the higher power level of the
newer uesign and some new information on performance of the ternary metal fuel alloys, there aie new
concerns regarding the safety of PRISN1. Thus, certain design improvements, such as the new
containment dome and a new " ultimate shutdown" device, are partially ottset.

The design changes cited by GE and the impr8 these changes have on prior analpes and
conclusions are discussed in Section 2. The R&D progra cited in Appendix G is discussed in Section
3, which includes comments regarding where turther R&D needs should be considered by DOE, Several
of the 19 Safety issues cited by GE and discussed in the 19 sections of Appendix G.4 are covered in
Section 4 of this report (some are deferred to the NRC staff for evaluationt Our findings regarding the
revised PRIShi design and analyses are summarized in Section 5.

" General Electric Advanced Nuclear Technology, 'PRISN1 Preliminary Safety Information Document
(pSID)," GEFR4X)793, UC-87Ta, December 1987 (Limited Distribution;.
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2.~ COMMENTS REGARDING DESIGN CllANGES

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 postulated
events is discussed,

s

2.1 Description of Design Changes and Pertinence

- 2.1.1 increase in Reactor Power Level and System Power hoduction

The reactor power level and the nine-reactor-system power production were increased from 425
MWt and 1245 MWe to 471 MWt and 1395 MWe, respectively. This was done primarily for economic |

reasons at the direction of DOE. GE did not re-size the key decay heat removal system, RVACS, and
. this results in higher temperatures during pcstulated accident conditions, in addition. the normal system
operating temperatures are 17K (30 F) higher, so all event analyses had to be revised, accounting for ,

hotter initial conditions.
|

2.1.2 Ultimate Shutdown System (USS)

'

While the passive reactor shu.down mechanism, based on reactivity feedbacks, has signi0 cantt
safety advan: ages, it usually leaves the reactor in a critical condition and therefore exposed to further
changes in system conditions. With the addition of the USS, GE has provided an adernate means of
shutting down the reactor. In this case, ruan; t. mall spheres of B.gC are released to fall through a tube

-into the center of the core, in response to an operator actuated shutdown command. The device fills an;

important gap in the PRISM safety defenses That is, the passive shutdown rio longer has to function
inde6nitely, 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 appl _icant believed that the reactivity feedbacks and their associated uncertainties were such
.

that the passive shutdown could function effectively without GEMS in response to the postulated ULOF.

GEMS are simpli devices, resembling large inverted test-tubes, containing a trapped region 'of
gas above 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

- regioni 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 Control 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 to the core by withdrawing'

the control rods and whether the resulting 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 burn up
-

.

+
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reactivity swing to be less than 35c, including a degree of uncenainty. htore recent fuel data and fuel
cycle analysis indicates that the burnup reactivity swing, due in part to signi0eant axial expansion in the
fuel, could be larger than was Orst believeJ. As the passive accommodation of reactivity aJditions is
limited to roughly 40c, some means was needed to limit the amount that could be inserted during the
period when the control rod insertion was much higher, e.g., one dollar. This was done by placing
electronically-controlled mechanical rod stops on the control rodt These would be positioned to limit
the amount the rod could be removed from the core, and adjusted a few times during burn-up to assure
that the possible reactivity insertion would be limited to a manageable level. Assuming the control rods
are at mid-core (limiting), the muimum feedback for the movement of all six rods would be 75
cents / inch. Thus, a relatively large measurement error of 1/8 inch would introduce a less than 10 cents
error. However, there may be larger uncertainties involved in predicting control rod worth at the new
position, so it remains to be determined whether the 10 cent uncertainty margin is sufficient.

2.1.5 Below-Core Structure

The original PRIShi design relied almost exclusively on accident prevention and placed little
emphasis on mitigatio... hiore recently, however, GE and ANL have been addressing accident mitigation
concerns, and the revision to the below-core structure is intended to result in better accommodation of
a core-melt event. However, the data base regarding metal fuel failure under melt conJitions or during
postulated power excursions is incomplete, so it is dit0 cult to evaluate the performance of such a structure
under severe accident conditions. The analysis suggests that such a below-core structure would
accommodate a melt and would probably result in a less-than-critical-mass. However, it is currently very
difncult to predict behavior of the metal fuel during the transition period, as it relocates from the core
con 6guration to the bek;w-core structure. It is not clear how soon such data will become available, but
it may take a few years to develop such a data base.

2.1.6 Accommodation of HCDA

The key factor that would terminate a power excursion would he the rapid axial extrusion of the
fuel, which is expected to push capidly (" pop") up into the fission gas plenum, -effectively expanding the
core and increasing neutron leakage, i.e., shutting down the reactor. To be effective, this expansion
needs to take place very quickly. The fastest data that ANL has for metal fuel axial expansion is for a
time period on the order of about eight seconds (the TREAT facility). In con'rast, data from the
international in pile CABRI 1Ref.41 test program (co-sponsored by US NRC through early 1985)
describes oxide fuel axial expansion on a millisecond scale.

When one considers the applicant's analysis and some cross-compatisons of key parameters, it
appears that the PRIShi structures could accommodate a fairly large liCDA event. Thus, it is entirely
possible that the applicant will establish that the PRIShi vessels, head, and containment designs can
withstand some design basis HCDA without failing catastrophically.

2.1.7 Seismic Design

GE has moved two key systems. i.e., the Eh! Pump Synchronous hiachines and the Reactor
Protection System (RPS) Electronics, into the seismically isolated region. Seismic isolation provides
some protection against horizontal ground acceleration, and the isolation of these two key safety systems
seems to be a significant improvement. In particular, BNL had previous concerns regarding cables
running between the non-isolated synchronous machines and the isolated Eh1 pumps.
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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 addition, they added isolation valves in the liiTS.
This was done as part of an effort to strengthen the design regarding accident mitigation. 'the second
vessel, called either a guard vessel or a containment vessel, is cooled by outside air as pai' of the RV ACS
heat removal system. This has clear advantages for pieventing serious accidents it. PRISM. The
behavior of Ossion products and actinides from the metal fuel in either molten metal fuel os a sodium pool
has never been well characterized. Derefore, 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

I
conta'mnent dome. Further, if it is not clear whether the containment design basis should be a core melt,e

a sodium Gre, or an energetic event (see also Section 4.1) i

2.1.9 llelical Coil Steam Generator

The applicant has substituted a single wall tube Chickness) helical coil steam generator in place 1
'

of an older double wall tube concept which was based on the steam generators used in E13R-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 thn additional capabiluy to
accommodate any resulting sodium expansion and a capability to bypass the sodium-water reaction
byproducts (see Section 4.8).,

2.1.10 tilts Auxiliary Cooling System Modiacations

The applicant has added a forced circulation capability to this r,ysten, which removes heat from4

the outside of the steam generator. This is an " investment protectiv sygem, arid the forced circulation
capability will likely reduce the time required to cool down the . sets in the ment of a loss of normal
cooling. As this is not a safety grade system, it was not evaiated in detail by PNL liowever, the
addition of a forced circulation capability would seem to be helpful E Aafety, since the system can still>

function under natural circulation.

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

As well as the addition of 3 GEMS and i USS m% wre, the applicant has made various changes

- in pin size, fuel loading, power densities, and burnup. los of t' lese changes were made in response to
some new information on the ternary metallic fuel, a.; we; as a more thorough examination of reactor
performance at different times in the fuel cycle With these Jevices, the response of the reactor to
unserammed events may_ be a little beuer on balance,- although there are some problem areas not
previously perceived. The performance of the reviseu reactor design is discussed throughout much of
this report.

Key IssueuConcerns in Section 2.1

While the addMon 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 'J be the outcome of such failures and could these be prevented?

Oncr one introduces control rod stops to limit potential UTOP initiators, one must*

- determine a lirai , e.g.,300, and define the accuracy of the Rod Stop positioning . If the
accuracy of the Rod Stop positionir)g is poor in comparison to the acceptable UTOP

E
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limit, then there would be a safety issue regarding the Rod Stops.

Regarding accommodation of IICDAs, there is not sufficient data to confidently predict*

the size of an liCDA in a metal fuel ALMR. Therefore, the likelihood of an liCDA
being accommodated within the PRISM vessel may remain an open issue until more data
becomes available. q

2.2- Imnact of Chances on Analyses

2.2.1 Increase in Power Level

The increase in power level and other adjustments to the estimated decay heat curves resulted in
a significant (15 to 20%) increase in the decay heat that must be removed through RVACS in the case

- of a loss of heat sink eventi (Note: the largest impact of minor actinides would be for the first cores,
f om LWR spent fuel. Ilowever, the largest decay heat will be in equilibrium cores, at end+f life, and

_

the minor actinide impact should be relatively sinall at that time). Previously the safety margins were
quite high, and even simple models could demonstrate the effectiveness of RVACS. With the higher
decay heat loads, one must be more precise in analyzing :he RVACS parformance. Fortunately, this was
possible using slight modifications of existing analytical tools, and ,,.eement of the revised analyses
with the applicant's calculational results is very close. While the safety margins are reduced, the
performance of RVACS is still fairly impressive, and this is not viewed as a major problem area.

2.2.2 Ultimate Shutdown System (USS)

BNL's prior analyses of the postulated unscrammed events were terminard aftv a few minutes
because (1) the worst of the transient was believed to ha over and (2) there were shortcomings in our
physical models in SSC when utilized beyond the first several minutes. With (M introduction of the USS,
it see> s unlikely that an unserammed transient would be allowed to continue indefm' itely. Thus, the,

d
analysis of such postulated events beyond five or six minutes may no longer be necessary, depending on

. how long one assumes it takes for the operators to actuate the USS (it takes about one minute for
shutdown after it is activated).

2.2.3 Gas Expansion Modules (GEMS) -

The GEMS are important contributors to the mitigation of postulated unserammed events i.nvolving
loss of pumping, and they must be modeled explicitly. 'lterefore, models were added to the SSC.

representation of the PRISM reactor, and factoral into the analyses of all postulated unscrammed events.
It is noted that the potential impact of the GEMS is so significant that their usage in FFTF was sufficient

_to ensure that an oxide-fuel core could survive an unserammed loss-of-tlow. The impact on the PRISM
ULOF analysis is very substantial.

There are some potential drawbacks associated with the GEMS, including the obvious questions
about their failure to operate when needed, which could happen if some of the gas leaked out during
mmal operation, filling the GEM with sodium.. Alternately, if the pumps are turned on while the reactor
is critical, a significant power increase would result. Further, addition of the GEMS raises questions
about shielding (more neutrons escape through the gas) and possible reactivity insertions should the gas
escape and migrate into the central regions of the core.

.
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2.2.4 Mechanical Stops on Control Rods
!

The applicant argues that by adjusting the rod stops at proper intervals they can keep the potential
TOP initiator below 400 (30c plus 10C of margin for error). While we must reserve judgement as to
whether 40c is indeed a credible upper bound, we used 40c as the UTOP initiator for our revised
analyses.

2.2.5 Below Core Structure

No attempt was made to perform detailed analysis of core melt or core disruptive events because
the data base for molten metal fuel is incompiete. Arguments by the applicant regarding the geometry
of the melt when imposed on the below core structure seemed consistent, with a major consideration
being the porosity of the fuel- which is a key factor in cooling the melt.

2.2.6 Accominadation of HCDA
_

There is no data base to indicate how quickly the metal fuel will undergo extrusion, which is e
rapid form of axial espansion and the key factor in limiting the size of the HCDA. Arguments made by
the applicant regarding extrapolating from oxide fuel sound reasonable, but more data is required before
one can make a final judgement regarding accommodation of an HCDA in PRISM.

2.2.7 Seismic Desi;;n

The impact of changes in the seismic design would be clear in any revision of the PRISM PRA.
However, the applicant did not perform such a revision and BNI. did not attempt to project what such
a revision would h>ok like. There was no impact from the changes, e.g., movement of the synchronous
machines into r,eismic isolation, on the deterministic analyses of postulated events.

2.2.8 Containment Improvements

The applicant provided an analysis of a postulated sodium Gre, which included the simulation of
conditions in the containment as well as a source term calculation. Simple calculations confirmed the
trends m conditions within the containment, and also revealed a small enor in GE's analysis using the
CONTAIN Code (see Section 4.1.3.2.6). However, the source term calculation depends strongly on

'

assumptions regarding how many and how much of the key isotopes escape from the fuel, the sodium,
the cover gas, and into the containment. The impact of the containment dome is believed to be fairly
small in comparison to these other factors, with respect to limiting the source term.

2.2.9 Helical Coil Steam Generator

Because of the pruned effectiveness of the RVACS in removing after-heat, our focus has not
been on the steam generator. By this design change, the applicant may have mereased the likelihood of
a sodium-water reacion, which would be renected in a revision to the PRA. However, a design feature
of the new unit should help accommodate such m accident (see Section 4.8). Neither the old steam
generator nor the new design was explicitly factored into our calculations.

2.2.10 IHTS Auxiliary Cooling System (ACS) Modi 0 cations

Because the ACS is not a safety grade system, it has not been factored into BNL deterministic
analyses, if it was to be factored in, it would likely be the natural circulation mode of operation that
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would be considered, as opposed to the new farced cooling operational mode.

2.2.11- Reactor Re-Design

The revisions to the PRISM reactor design were fairly extensive and all analyses for unserammed
events had to be repeated. Due to the addition of the GEMS and additional information regarding
performance of the ternary metal fuel, our principal area of concern has shifted from the unserammed
loss of flow events to postulated transient-over-power events.

Kev Issues /Cnnans in Sect on 2.2i

Introduction of the GEMS could impact on various types of analysis. Their contribution*

during the basic unscrarraned events (ULOF, ULOHS, UTOP) is significant and
generally helpful. However, the GEMS will become an integralpart of the core, and will
have to be factored into many types of analysis, including reliability-based analysis. _

With respect to the analyses of severe accidents, some bounding analysis can be helpful=

until better data becomes available. Howeve there remains a great deal of work to be
completed in this crea, and this will continue E be true for at least two or three years

New data on the ternary metal fuel indicates there is much more to be learned, especially*

with respect to phase transitions. The ternary fuel is clearly different from the U-Zr fuel,
and the data base is being built at this time. This is a key issue, especially during over-
power events.

.,

-
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3. COMMENTS REGARDING RESEARCll AND DEVELOPMENT
PROGRAMS IN SUPPORT OF PRISM

The applicant used Appendix G to discuss recent results from the supporting R&D program and
to indicate planned Research and Development efforts, which include some increased efforts in the area
of accident mitigation. He subsectiom below contain commentary regarding recent safety-related R&D
accomplishments, planned R&D, and some BNL concerns regarding the pla:med R&D.

3.1 Research and Development Results Since 1986-87

3.1.1 - EM Pump Insulation

Various potential electrical insulation materials are being testing far prolonged (accelerated) aging
periods at high temperatures. His 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 to the
reactor. Ilowever, should more than one pump stop this way, or should such a failure occur under

L adverse (very hot) conditions, the safety of the reactor could be very truch dependent on achieving a
,

successful reactor scram. It is still too early to explicitly factor the EM pump insulating materials into
! accident analyses, although this could be a very impodant common mode failure mechanism.
i

L 3.1.2 Helical Coil Steam Generator

Testing of a 70 MW unit at ETEC was discontinued in 1989 after some 667 days of testing. 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
calculations and control system studies, our greater intea.st would be the resistance of the unit to tube ;

leaks and the accommodation of any sodium-water reactions so as to prevent any damage to the lilX.
If there was any testing performed in thi> 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 isolatu. eRISM is under development. This
program involve 4 ETEC and UC, Berkeley, and includes botn n.ooratory scale tests and utilization in -

supporting new buildings. At one building in San Bernardino, a .15g acceleration at the basemat was =
experienced 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. Laser tecb| ques are used
to evaluate the flow fields under normal and off-normal conditions, and the results are used for both flow
vbualization and for comparison with 3-D code (COMMIX) calculations. At this time, it does not appear
that 3-D flow patterns 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 sme important. Herefore,
the facility may be of more interest in future evaluations of PRISM.

3-1
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3.1.5 Passive Reactivity Reduction

The ANL unserammed test series at the EBR-il reactor in Idaho continue to be very successful.
It is quite clear that the small metal fuct reactor has a very strong tendency to effectively shut dava
whenever it is overheated. Bis is clear not only from the test results, but also from the best-estimates
of the reactivity feedbacks, which are all significantly negative. In particular, the negative sodium
temperature reactivity feedback is an added layer of protection, because increases 1 the coolant
temperatures act to bring the power level down. However, there are at least two problems on
extrapolating from EBR-ll to PRISM. First, the positise sodium temperature reactivity feedback in the
larger PRISM core is a major safety concern, and is very different from that in EBR-il. Second, EBR Il
uses primarily uranium-based fuel, although elements containing some plutonium are gradually being
substituted into the core. Since PRISM is to use 26% Pu in the metal fud, the extrapolation from the
recent tests at EBR-Il is non-trivial.

The Westinghouse Hanford Corporcion tests at FITF have also recorded some successes,
although aided in part by incorporation of GEMS in the core. GEMS are needed with mide fuel, as the

~

large Doppler reactivity feedback tends to hold up any power decrease and prevents the passive shutdown
from being effective enough for some faster transients.

3.1.6 Passive Shutdown Heat Removal

Several tests were performed at the ANL facility representing the air-side RVACS heat removal,
This large facility represents an annular sector of RVACS in full length. Testing has largely confirmed
ANL rr.odels of the system, and results have been used to benchmark some of ANL's computer models
for simulating RVACS performance under various conditions.

3.1.7 Safety and Licensing Support '

This appears as an item in Table G.3.1-1 [Ref.1] with the comment " Supplemental data base and
models for characterization of radionuclide transport and residual risk as necessary." His is undoubtedly
in reference to the GE/ DOE /ANL intention to expand the metal fuels data base as necessary with respect
to severe accident mitigation. It appears that this program is st ll in the planning stages.i

3.1.8 Fuel Safety
.

ANL is continuing to run further tests at TREAT, EBR-II, and some out-of-pile materials test
facilities. One major issue here is the 26% Pu fuel that is to be used in PRISM, as ANL has only
recently begun to collect data at low burnup for this fuel . It is noted that the ternary fuel behavior is
somewhat different than that of the uranium metal fuel, so ANL may need a fairly substantial test

'program in support of the high Pu PRISM fuel. In particular, ANL must better characterize fuel
component migration and low temperature eutectic formulation at the fuel-cladding interface. A second
major need is for fuel extrusion (rapid axial expansion) data in response to fast transients (see also Section
2.1.6 of this report), and this may be very difficult data to develop. Therefore, there is a very substantial
need for more data on the PRISM fuel, and a large ongoing ternary fuel test program at ANL will like!y
be needed to support PRISM in future evaluations.

Key Issues! Concerns in Section 3.1

Past metal fuel efforts have de-emphasized the need to desciop data in the severe accident area.*

This applies to both the behavior of fission products within molten metal fuel ar.J the fuel
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extrusion process that is expected to terminate a potential 11CDA.

Most of the metal fuel data base from EBR-Il does not cover the ternary metal fuel. Only in*

recent years has plutonium been added, and the corresponding data at higher burnups is only now

{
becoming available.

3.2 Rutgrch and DevehrmenlEaN-

3.2.1 Plans in Support of ALMR (PRISM)

Much of the planned R&D outlined in Section G.3.2.1 [Ref.1] is an extension of ongoing work.
Four items identified in Figure G.3.21 in the FY92 through FY95 time frame are noteworthy. The EM
Pump Prototype testing and the 11elical Coil Steam Generator Qualincation Programs should provide data
that will be important to future safety evaluations. In particular, the performance of the EM pumps is
crucial during unscrammed events and any prototypic data would be scrutinized in detail. He third item,
Licensing R&D, is likely in reference to repeated requests for more data applicable to accident mitigation
analysis. In particular, data on fuel behavior during rapid overpower events aac on the behavior of
fissian products in molten fuel and sodium pocls are needed. His my require a very substantial
program. It appears that the applicant is simply indicating that they we working to develop a plan to
obtain the necessary data. The fourth item, Metal Nel Qualifiesnon is clearly part of a large ongoing
:ffort. Therefore, we assume that where completion at the end of FY95 is indicated, they mean that is
when the data base for prototypic 26% Pu metal fuel will be complete, i.e., that enough data will be
available for all pertinent burnup levels.

In the longer term, the applicant is assuming that a prototypic unit will be built and ready for
startup around the year 2000. If the prototype is to be built and a set of tests is to be performed, it would
be best if the NRC and its contractors were involved from the outset, as the system instrumentation will
be crucial in acquiring all the data that may be required in the safety analyses of PRISM.

3.2.2 Plans in Support of the Metal Fuel

3.2.2.1 Minor Actinides

ANL is examining the impact of including minor actinides in the ternary metal fuel. If spent fuel
from LWRs is to be used to make fuel for PRISM, and if a pyro-processing of that LWR oxide fuel is
to be utilized, inen the minor actinides are going to come along with the plaonium anyway. The
advantage of consuming minor actinides in PRISM would be the transmutation of a key long-lived hazard
that is currently stated to go into the repository. The disadvantage is that the minor actinides add to the
decay heat load, change the reactivity feedbacks, and add further complications to the metal fuel chemical
interaction with the clad. The fuel would become approximately 26%Pu 1%Np 2% Am .2%Cm 61%U
10%Zr for the initial loading. Also, the minor actinides will tend to increase the sodium void reactivity
worth and reduce the Doppler feedback, as is discussed in Section 4.5.4. In addition, there is signincant
uncertainty attached to the cross-sections for the minor actinides, so calculations regarding reactivity
feedbacks and burnups would contain more uncertainty than currently is the case. It is noted that there
are two proposed applications for "a;tinide burning" in metal fuel LMRs. The application proposed for
PRISM is almost inadvertent, resulting from the fuel processing, and would result in a modest inventory
of minor actinides. A more aggressive proposal is for a machine dedicated to minor actinide burning,
which may be very different from PRISM and may not even come under NRC preview.
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12.2.2 I uel Cycle 1 acili;j: IIFEl'/ South '

,

DOE and ANL continue to propose that metal fuel repmeessi'g facilities will bt co located with '

the reactors, although utility interest in ow ning and operating such faellities ooes not seem to be very high
at this time. Still, a prelim;my evaluation 'f such a facility by NRC is stmngly desired by ANL and ,

DOE so that the potential an tie evaluatv ihe safety of such a facility is hardly a foregone conclusion,,

as there may mist issues such as fuel fues 't esposed to osygen), and perhaps some remote chance of t
.

he inaJvertent formation of a critical mass. ANL is working on a demons' ition plant attached to EDH Il ;
facility an its operation in the coming year should provide much insight into the matter.

3.2.23 Integral Fast Reactor (IFR) Technology Demonstration |
Three Phases of the IFR program are descdbed, with Phase 11 scheduled for completion at the2

end of FY90 and Phase !!! continuing through the end of FY95. Major accomplishments to be complete ,

by the end of Phase ill include: demonstration of high burnup fuel, demonstration of electro refining on
an engineering scale, provision of a * safety data base * in support of PRISM, converting the EBR ll corv ;

to U4r and U Pu Zr fuel, and refurbishment of Hf EF/ South. :

The Phase 111 outlined in this section involves several items that might be considered extensions
,

of phase 11 programs. Ilowever, by the complet on of Phase III, the metal fuel cycle in to be ' fully [
i

developed for commercial application.' Several items are cited as being due for ecmpletion by the end,

of FY9$: !

|

- Fuel performance demonstrated to 150,000 MWdfr burnup ;

- Demonstration of ' Inherent safety poteatial" of ' recycled fuels" through EllR Il
'

Demonstration of fuel cycle on prototype scale
- Waste form certification

Demonstration of actinide recycle capability
- Providing licensing data base support w/ NRC (of PRISM)

The first five items seem entirely consistent with discussions we have had with ANL staff
members, and l' - ns 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 . EllR-Il is an excellent natural load follow machine and that the passive reactivity

'

shutdown will work ell 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 Il and continue to get the desired passive sheldown, but a major factor would be
the small core with the core restraint system that is currently in pisce. Extrapolation to a larger PRISM
core or any larger ALMR would require careful analysis.

The sixth item on the Phase III list could be interpreted to mean ANL's provision of technical
- support in discussions with the NRC, especially with respect to the behavior of the metal fuel in the
PRISM reactor. However, mme additional data f" licensing interactions may also be required, and it
is not clear how s*n ANL will be able to develop such data,'

h y hsues/ 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 to " actinide burning" and containing more than 10% minor actinides would

i
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have very dif f erent reactielty feedbacks and may not tetain the * passive shtedow n* characteristic.

* 14uture tests to obtain " severe accident * data for metal fuel are going to be dif 0eult and probably

expensive. it may be prudent for the NRC staff to keep informed regarding the testing process.

3.3 DihtLAintrall&D_Needs

Until very recently, most metal fuel work in the U.S. has been focused on improving the fuel
burnup perh,rmance, dernonstrating the fu:1 cycle, and optimiring tome of the inheient safety capabilities
in PRl5M. A very modest effort was devoted to determining the metal fuel perfortnance under severe
accident conditions,i.e., during melta or power excursions. While the chances of such severe conditiom
deve oping in a .netal fuel ALMR appear to be small, it is doubtful that a new reactor design would bel

accepted without well substarrNted answers to some obvious questions.1:or the metal fuel Al.MR, the
questions are with respect to (1) the behavior of molten inetal fuel, and its retention of Ossion products,
while in the hot todium pool, and (2) the behailor of the metal fuel during a power excursion,
particularly the *cxtrusion'' mechanism.

3-5
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4. ANALYSES OF sal'ETY ISSUES CITED IW GE IN APPENDlX G.4

In Appendis G of Ref. I, GE cited and addressed 19 r.afety issues originally raised by the NRC
staff (and its consultants), either in the SER [Ref.21 or in discussions in technical meetings. Of the 19
issues and responses, some can only be evaluated by the NRC staff, some should be evaluated by 13NL, ,

in it5, consulting role, and some require evaluations by toth. In this section, we will go through the
inues in the sequen;e they appear in GE's Appendix G, offering detailed independent analyses in some

"

cases, a few comments and remarks in othm and a simple comment deferring to the NRC staf f where
,

they are better qualified to evaluate GE's responses.

4.1 Cuttuthunent

4.1.1 Revisions to the Containment De3,,;n ,

The contaiament concept originally developed for PRIShi was unconventional, which is not
surprising given the differences between PRIShi and curnot light water rea tors (LWRs) and even thei

more conventionalliquid metal cooled reactors (LhtRs). %ere are several contributing factors, including
four that are particularly noteworthy. First, the sodie.a coolant system is at low pressure under normal
operating conditions, so the need to use a large containment to absorb a massive loss-of coolant accident
is not present. Second, there are maior advantages associated with keeping the core covered with sodium,
so there is a strong desite to build a guard / containment venel system to cetch any leaks within a
relatively small volume, so the sodium level won't fall too low. Third, with sodium in the teactor vasel
and a moderate power production in the reactor, one can design a natural draft air-cooling syJem capable
of removing after heat, assuming one can indeed bn,y c itside air into proximity wSh the reactor vessel.
Fourth, when one down sizes the reactor in order to achieve better safety claracterinics, one tc.s to
minimize costs on a per reactor module basis, and the use of muhiple large contaimnent buildings could
be prohib'.tively expensive. As a result, the applicant's original containment concept for PRIShi bore
little resemblance to those designed for conventional LWRs. (See also Section 6.2 of Ref. l.)

In trying to convince the NRC staff that their original PRIShi containment concept was
appropriate for PRIShl, the applicant relied heavily upon the argument that the chance of a major accident
and radioactive release was very small. While these arguments had merits, there was and remains too
much uncertainty regarding the metal fuel (among o her things) for these arguments to be completely
convincing. As a result the SER [Ref. 2] repeatedly identified concerns about various events that might
lead to releases, and espressed concerns about the lack of an adequate containment ' . PRIShl.

As a result of these concerns, the applicant chose to upgrade the PRIShi containrc.ent. The
revisions fall into three categorien First, they have added provisions that * ensure that none of the
event category 111 (EC-Ill) bounding events of concern leads to core damage or sodium boiling", in an
attempt to limit the probability to less than 106 (1 chance in 1 million) per plant year. Second, they
strengthened design provisions to ensure the vessel and vessel closure would resist core melts and possible
llCDAs. Third, GE added a containmc~ dome above the head access area (IIAA) and added isolation
valves in the lilts, *rying to assure that the probability of a 1 rem radiation dose at the site boundary

4over a 36 hour period following a severe accident is less than 10 per plant year. The revised PR\Shi
containment concept is shown in Figure 1.

It is noted that the revised containment concept is still consistent with the four objectives pointed
out above, i.e., it is still re%tively small, which should lead to less expense, and coc.sistent with natural
draft air-cooling the vessel. Further, it may be the correct concept for the PRIShi design, depending on
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| whether it could, in fact, withstand postulated ilCDA events.

4.1.2 Design liasis/ Site Suitability Source Term

While there is etmsiderable agieement that a mechanistie source term would be preterable to the
non me5hanistic suuree terms currently used for 1.WRs. it is dif 0 cult to come up with a rcasonable source
term for the Al.h1R (PRISht). Initially, the applicant argued that the chances of an llCD A or a core melt
were so low that sorne minor release should be awamed as a design basis event. Af ter considerable
discussion, the applicant has now moved toward using a source term based on a substantial 11CDA that
triggers a major sodium fire in the containment dome.

While it is believed to be a positive development for the applicant to acknowledge diat some
worst case events can not be entirely ruhxl out, the effort to analyre the mitigative capabilities of the
design sulfers from some major gaps in the data, First and foremost, without data on tuel estrusion for
rapid power excursions it is very dif 0 cult to estimate when the excursion would be terminated. This
would be dif 0 ult data to acquire, although there is currently a test program lRef. 4) to develop similar
data for oxide fuel. Second, the major factors preventing the release of harmful fission products will be
(1) retention in the fuel due to its comparatively low melting temperature and (2) retention in the sodium
poels of key fission products such as iodine. Again, there is relatively little data to support these
arguments, even though it seems that such behavior would be likely.

The applicant dennes the containment design basis in Table G.4.1-1, with the releases defined
m er the initial 10 seconds (the llCD A) and over the period f rom 10 seconds through 6 hours (the sodium
Gre). The significance of the 6 hour cut-off is not explained, although the containment pressure turns
negative (relative to outside the containment) in this time fr ame, i.e., once the oxygen has been consumed
in the fire. During the first 10 seconds, it is assumed that all of the noble Cases are released, that 0.1 %
of the oaingens (iodine), the alkali metals (cesium), tellurium and ruthenium escape, and that 0.01% of
the strontium, barium, fuel, and other fission products are released. Over the longer interval, an
aJJitional 0.8% of the halogens,1.6% of the alkall metals, 0.004% of the tellurium and ruthenium,
0.0016% of the strontium and b:.rium, and 0.0008% of the fuel and other fission proJucts are assumed

to be released. Also indicated in this table is the release of 0.4% of the sodium over the 10 second to 6
hour period, presumably corresponding to the amount burned, and the assumed containment leak rate of

-

< 1 % / Jay at 0.274 h1Pa (25 psig) and 644K (70017).

It should be noted that the processes involved can be verv complex, and involve a combination
of chemistry and radioa:tive decay. l'or example, the fission ptJucts Itr 89 and 1138 are both soluble 4

in odium, and can be releascd from the fuel and transported et0ciently in the coolant. llowever, each
isotope decays within a few seconds, to Kr-89 and Xc 138, respectively.These noble gases will eseape
to the cmer gas, before decaying a few minutes later to Rb 89 and Cs 138, respectively, which would
likely settle out on some surface. Hus, the process by which the tission products can escape the fuel,
the sodium pool, the cover gas, and perhaps even further is very complex, and a substantial elfort may
be required before a reasonably accurate source term can be developed.

The applicant does not explicitly state in Appendix G what the basis is for the numbers in Table
G.4.1 1, but it is very likely the basis is data from oxide fuel in sodium pools if that is true, there are
three problems related to the usage of such data to extrapolate for metal fuel. First, the models for oxide
fuel are largely empirical, and there is little basis for extrapolating from equations which are mostly litted

. data. Second, the metal fuel melts at a relatively low temperature so many fission products would remain
in solid form, i.e., as solid panicles in molten liquid fuel. As a result, they are more lixely to stay with
the fuel, whi h is helpful. Third, the metal fuel includes rirconium rather than oxygen, so the

4-3
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sodium tuel chemistry would be ditterent. As a further cornplication,if the initiating event is an llCDA,
some of the fuel could reach very high temperatures, so a portion of die fission products could become
molten or even cor,eeivably vaporite. The net of all this is that the numbers in Table G.4.1-1 are very
uncertain.

4.1.3 Containment Performance Analpis

Note: 1hi.s section irnvlws a ched of the GE calculation in AmenJh G.), arul entails scwral simple
<heds of the results presentcJ by GE. Since GE's plots are all in 'cngincering units' rather that 51
units. we Jcrartfrom our normalpractice here s.nd wrnalmcs use engincering units as the primary units
and inJin ate the SI equivalents parenthctically.

GE sponsored calculations by the Westinghouse llanford Corporation (WilC) to analyre the
containment sptem performance during the proposed design basis event (the llCDA and sodium tire),
using the CONTAIN Code (Ref. 51. While 11anford staf f members had experienee using the CONTAIN
Code for this type of application (for 1 I TII), they relied upon the CONTAIN Code developers at Sandia
National 1.aboratory for up-tostate versions of the code, as well as updated input des:riptions. (As it
turned out, there was at least one instance where there was some confusion, and an incorrect data
specification lead to w hat appears to have been a relatively small and conservative ertor in the CONTAIN
results included in Appendix G.)

The CONTAIN Code was used to prediet conditions within the containment dome and the
quantities of the various isotopes released from the containment during the several hours of tr:tnsient time
analyzed. Sin:e the CONTAIN Code does not include the capability to calculate the iadiological
consequences of any release from the containment, GE used the SMART |Ref. 6) CoJe to estimate the
raJiological co1 sequences of the releases predicted by CONTAIN.

lleeause of the large uncertainties associated with both the site of the possible llCDA initiator
and the behavior of the fission products in the fuel and in the sodium pool, we did not cornmit major
resourecs to evaluating this event in detail. Ilowever, the impact of a large sodium fire on the
containment is of interest and enough is known about the system design and the phenomena involved to
make its analysis significant and credible. Therefore, some steps were taken to determine whether that
portion of the CONTAIN analysis appears to be correct, what the impact on the containment might be,
and how the predictions depend on key assumptions in the analysis.

4.13.1 GE's Analysis of the Event

GE provided a description of the assumptions used in specifying the system and the accident
scenario for the CONTAIN calculation. A key assumption regarding the sodium fire is that the sodium
pool is in direct contact with the containment atmosphere, which should give a maximum rate of burning.
Several important parameters are liste<l in Table G.4.12, and seem to be at least approximately correet.
The assumptions regarding fission product transport within the containment dome and the containment
dome leak area (0.0005 square inches) were not evaluated for the reasons discussed above.

Results from the CONTAIN calculation for this design basis event are summarized in Figures
G.4.17 through G.4.1-20, which include containment dome pressure, water vapor mass, containment
cell temperatures, oxygen mole fraction, intercell flow rates, oxygen consumption rates, sodium
combustion rates, combustion energy generation rates, structural temperatures, leak flow to the
environment, as well as aerosol deposition and suspended aemsol with and without fire, as a function of
time (minutes) into the event. Most of these plots go out 600 minutes (10 hours), ahhough there are a
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few that terminate after 200 minutes when the inventory falls to icio fairly eatly in the event.I

'lhe plots indleate four major periods in the tvent, after the initialllCDA. During the first tour
minutes, or so, e rapid heat-up takes place, leading to peaks in the preuure and the leak rate to the
ens ironment. After about 50 minutes, the water vapor is exhausted. This shows up as a change in the
stone of curves tracking the containment pressure, the leak rate, the cell atmosphere temperatures, and
the sodium combustion rate. lletween 4 minutes and 360 minutes, the sodium combustion procen decay s
on an esponential basis (with the kink in the curves at 50 minutes, of course), as the combustion rate is
proportional to the amount of reactants present and therefore decays exponentially. After the oxygen has
been fully consumed (slightly past 6 hours), the whole procca flattens out, with cell temperatures
graJually steadying, and inter tell flow rates leveling at just under 2(KK)lbs/ minute.

4.1.3.2 IINI.'s l! valuation of the Applicant's Results

4.1.3.2.1 Total linergy Released by the Sodium l' ire

The most crucial factor in this analysis is the sodium combustion, which forms sodium inonoxide
Zwhen there is no excess oxygen available:

2 tia + 1/2 02 o 11a2 0 + 2195 cal /g,

and sodium peroxide if there is excess oxygen available:

2 tia + O2 - > tin g 02 + 2500 cal /g,

The amount of energy released per unit mass of the reaction product is 395511TUllb (9.2 hulkg)
for the sodium monoxide and 4505 ilTU/lb (10.5 hulkg) for the sodium peroxide. Since there is much
more sodium available than oxygen, then it would sectn that more sodlum monoxide would form than
sodium peroxide. If we compare Figures G.4.1 12 and -13, which show the rate of oxygen combustion
and the rate of sodium combustion, we can infer that for each pound of oxygen consumed, a little more
than two pounds of sodium are consumed (this trend roughly holds true through the transient). This
implies that approximately twice as much (moles) sodium monoxide is being formed as compared to the
formation of sodium peroxide. Since we began with about 602 (273 kg)lbs of oxygen in the containment
dome, this implies that about 1166 lbs ($29 kg) of sodium monoxide and about 734 lbs (333kg) of sodium
peroxid, are formed. This should release about 7.9 inillion IITUs of heat, if we integrate the area under
the curve in Figure G.4.1-14, which shows the combustion energy generation during the transient, we
get between 7 and 8 million HTUs. This indicates the CONTAIN calculation is at least consistent with
respect to the chemical reactions.

As a conservative variation, we could assume that all of the oxygen goes to form sodium
monoxide. This would create about 2333 pounds of sodium monoxide, releasing about 9.2 million 11TUs
of energy. Therefore, even if all the oxygen went into forming sodium monoxide, the increase in energy
release wou'd be only around 16%, which would not appear to pose a inajor problem with respect to the
apparent safety margins for this event.

i

| 4.1.3.2.2 Rate of Combustion

While the total energy produced by the sodium tire is important,it is the rate of combustion that
directly impacts on peak temperatures ar,d pressures within the containment dome. SloJels used for
analyzing sodium pool fires are quite complex, as they must simulate the air and sodium flow panerns
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around the sodium air interface, in addition. .such models typically contain some input data that is
,

somewhat judgmental in nature, so the user may have more control over key parameters (" dials *) than i

might be desirable. llowever, there has been quite a bit of validation work done to confirm the
performance of sodium pool fire moJels used to support the CONTAIN Code {Ref. 7]. Therefore,
barring some user-input errors, the sodium fire analysis used in the applicant's simulation is probably j

. fairly accurate. -

*

As a further cheek for this cornbustion rate, we utillied a "tule of thumb" cited in Reference 8, |
| 1.e., " Typical burning rates for pool Ores in alt are around 25 kg Na/ meter squared / hour". Since the

sodium pool diameter is 5.64 rneters, this implies an initial energy release rate of about 2.16 htJ/see
(2048 BTU /see), assuming that all the sodium goes to creating sodium monoxide. The peak combustion,

energy generation shown on Figure 0.4.1+14 is about 1400 BTU /sec, which reflectr snerst geometric .

considerations that are not in our * rule of thumb * estimate. Due to the fact that this energy gevration '

rate is not out of line with respect to our very rough estimate, and the fact that the sodium pool fire .

models used with CONTAIN have a fairly good validation base, it seems likely that Figure 0.4.1 14 k
at least approximately correct.

,

.

.

4.1.3.2.3 Rate of Air lleat Up

The initial inventory of air in the containment is roughly 1180 kg (2601 lbs), and the heat
capacity 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 to 550 F (see Figure
0.4.1-9), i.e., by 450 F or 250 K, in a little under 3.5 minutes. This then explains why the air
temperatures in this Ogure increase so rapidly.

i

4.1.3.2.4 The Pressure inercase Over the First 4 Minutes.

He ideal gas law dictates the relationship between tempeinture 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 (I atmosphere,14.7 psla) is consistent with the
temperature of 311K (100 F) , Once the sodium fire heats the atmosphere to 561K (550 F), the pressure
should reach approximately 183,300 Pa 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 0.4.1-7 (which would include the consumption of oxygen
in the fire).

4.1.3.2.5 The Pressure Peak at 4 Minutes
i-

As the air in the containment dome is heated, some heat starts to transfer to th > internal structures- i

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 '.<lah' having a heat transfer surface area of about
.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, a temperature of 550 F
would give a pressure a little below 11.75 psig. Therefore, 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 less than 1%/ day at 25 psig (0.274 - ;

| MPa)' and 700F (644K). While we are making several approximations in comparing against the
"

| CONTAIN calculations, none of these approximations suggest errcrs large enough to increase the
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| containment pressure and temperature nearly that high Even if several worst case aoumpuons were
combined, it seems unlikely that the design basis mdium fire would push the containment pressure abm e

25 psig.

4.1.3.2.6 The Pressure Decrease after 4 hiinutes

Once the heat transfer process catches up with and then passes beyond the heat generati a rate
from the sodium Gre, the system temperatures can level ott and begin to decrease as 'he fire starts to
exhaust the supply of oxygen. In addition, as the oxygen portion of the air is graJually wnsumed, the
pressure deereases. In fact, it we go back to the ideal gas law, and estimate the pressure of only the
nitrogen portion of the air at the elevated temperature of 325 F (436 K)(from Figure G.4.1-9 at 6 hours),
we get .1048 MPA (15.2 psia). On the gauge scale this is 0.5 psig, which compares well with the
containment dome pressure of 0.1 psig at 6 hourt, on I igure G.4.17.

While we can estimate where the pressure will go to, it is more dit0 cult to confirm the trend
through the 6 hours of transient. Ilowever, the dominant processes are rate dependent, i.e., the rate of
change is proportional to the inventory. This should lead to classic exponential decay curves. In fact,
most of the curves from the CONTAIN code calculations 6t this description. The only oddity during this
long period shows up as a kink in the slope (of several curves) after about $5 minutes. The reason for
this Link can be traced to Figure G.I.4 8, which shows the water mass in the containment. If we auume
100% relative humidity in the containment at the start of the transient, with the ambient temperature of
310 K (100 F), we can estimate a water vapor pressure of 6.632 kPa (.96 psia) which gives a mass of
51.4 kg (113.3 lbs). Due to an error in the input deck, the initial water vapor insentory from the
CONTAIN Code calculation, shown in 1igure G.4.18, is 157 lbs, which is 39% too high. In either
case, the water vapor reacts with the sodium to form sodium hydroxide:

2 H a + 2 112 0 > 2 N a Oil + H g

This reaction acts to remove the water vapor from the containment atmosphere during the Otst
hour. Once the water vaper has been removed, the rate of the drop in pressure slows, which creates the
various Links in the curves at 55 minutes. Because there is 39% too much water vapor in the CONTAIN
calculation, the impact and duration of this process is exaggerated somewhat. Ilowever, thete is far more
osygen and nitrogen in the containment atmosphere, so a 39% error in water vapor inventory is piobably
not very signincant.

4.1.3.2.7 Summary Assessment of CONTAIN Calculation

Our various attempts to probe the results itom the CONTAIN calculation indicate that the analysis
seems reasonable. The user-input mistake in specifying the amount of water vapor in the containment
dome is the type of error that occurs fairly frequency when a large computer code is being modified, and
is unlikely to have changed the results enough to cause concern. Our simple analysis shows there are
large margins to accommodate errors and uncertainties, in that the pressure increase could more than
double before there would be any cause for concern. Therefore, our Mst estimate at this time is that the
PRISh1 containment dome could accommodate a worst case sodium pool Gre, and would do so with fairly

large safety margins.

With respect to the fission product release fractions and site boundary doses, we feel there is far
greater uncertainty involved. In Table G.4.1-4, the applicant shows projected doses at the site boundary
ranging from 1 % to 40% of the Protective Action Guidelines (PAGs). Ilowever, these low doses are due
to the relatively small amount of Ossion products and fuel that escape from the sodium pool into the
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containment dome (see Section 4.1.2).
,

The data base supporting those release rates is not complete, so these predicted doses involve a
great deal of engineering judgernent and should be used with care. A major concern here is that the ;

models for fission product release from oxide fuel are largely empirical, so the extrapolation to metal fuel *

is based on observation more than understanding. Ilowever, GE/ANL arguments regarding the likely :

retention of fission products within the metal fuel and the sodium pools appear to be a reasonable !,

assumption.

4.1.4 Other !! vents Covered in Appendix 0.4.1

ne 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, a large primary
sodium spill, a major refueling accident, and a couple of postulated lHX failure events (whleh challenge
the isolation valves added to the IllTS). In most cases, the applicant uses qualitative arguments regarding
either the likelihood of such events or the probable outcome of such events. As these events seem far

;

less significant than the design basis event previously discussed, we spent little time or elfort reviewing !

these other events.

Key issues / Concerns in Section 4.1

The current PRIShi Containment Design appears to be appropriate for that design, and could*

probably accommodate a postulated ilCDA event. The remaining concerns are regarding the
severe accident data base for metal fuel, whsen is relatively limited at this time.

4.2. Shutdown Systern '

In the original draft SER [Ref. 2], several concerns were expressed about the capability of the
passive (* inherent") shutdown system, which is based on reactivity feedback characteristics, to adequately i

serve as a second reactor shutdown system in particular, the large positive sodium void reactiv$ y wortht

and the potential for reactivity additions should fuel motion occur, made this a particularly important
question.

,

.

The applicant made two significant changes to the PRIShi Reactor Shutdown System, i.e., the ;

addhion 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 terr,ary metal fuel and a closer -

l
examination of the variations during the fuel cycle indicated that the burnup reactivity wings could no
longer be limited to around 35 cents, thereby raising the possibility of a reactivity insertion caused by ;
control rod withdrawal too large to be accommodated safely without scram; ne USS device was added i

to resolve the question of how they intend to eventually terminate long term unserammed event,

4.2.1 The Control 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 permi3sion for set changes, in order to accommodate
reactivity changes over the operating cycle, it is expected that resetting the r9d stop position will be

'

required 5 to 6 times each 18 month fuel cycle. The requirements include limiting the possible reactivity -

insertion to 40c (including a 10c margin for uncertaintles) when all rods are withdrawn, allowing for
.
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aJjustment dming the operation eyele, and having a probability of failure on demand of less thani

one in-a thousand.

At the beginning of cycle, the core reactivity is highest and the control rods are inseited the
furthest, inserting perhap a dollar or more of negative teactivity. At this stage, the mechanical rod stops
would be positioned fairly low so the top of control rod drive lines would butt up against them before
the rods are withdraw n too f ar, i.e., more than 40c, including uncertainties. After several weeks, the
core reactivity will have deereced and the control rods will have been pulled out to compensate.
In entually the top of the control rods will approach the rod stops, at which time the rod stops woulJ have
to be moved higher to allow the control rods to be further withdrawn. Ideally, caeh rising of the rods
stops would take place when the mnimum reactivity insertion is only a few cents, and af ter the
aJjustment the maximum possible withdrawal would be around 30 cents.

The rod stops became neeessary once it was determined that 5% axial swelling (with burnup)
would require at last $1.20 of reactivity compensation (rod withdrawalb With the rod stops becoming
necessary, new failure modes become apparent, e.g., someone or something could raise the stops too
high, anJ a reaetivity insertion of greater than 50c could be possible, and such a laree insertion could
result in fuel damage.

Heeause the rod stops must be moved regularly, the question of precision becomes important.
At the mid-core position, the withdrawal of all sin control rods one inch inserts a maximum of 76 cents
of reactivity. If we assume the applicants estimates of measurement errois ofless than .01 inches, there
is relatively little reactivity uncertainty from measurement error. Ilowever, the uncertainty associated
with predicting the rea:tivity worth of the tods at the new maximum withdrawn position could be
significantly larger.

4.22 The Ultimate Shutdown System (USS)

The USS is illustrated in Figure 3. D C balls are stored in a dry canister above the core, and4

upon actuation, the balls fall by gravity down a guide tube into an open thimble at the core center. The
tea:tivity wo-th of the balls is believed to be high enough to bring the reactor from 135% full power
(UTOP) to cold shutdown.

The sysam is made up of four subassemblies, including the canister, the center shutdown
_

absorber assembly, the absorber guide tube, and the guide tube drive mechanism. The canister keeps the
absorber material dry and out of the core during normal conditions, and holds about one cubic foot of
the 1/4 inch diameter absorber balls. The canister release mechanism is operated by a drive motor at the
iop of the assembly, which pulls on a rod running the length of the canister, Absother release is
accomplished by pulling on the actuator rod and disengaging the pull pins. A backup release is available
by pushing down on the actuator rod and shearing the hinge support bar. The center core assembly
maintains the 1(C absorber balls in the proper location once the USS has been actuated. The USS is
rivated anually from a pair of ultimate shutdown switches located in the remote shutdown facility, or
frcm a sin,.lar pair of switches in the reactor protection system vaults.

Because the lhC balls are dropped into sodium within the absorber assembly, there could be some
question about the ba'is falling into the core. The key consideration is the amount of sodium upflow in
the assembly, which GE indicates should be quite low (roughly .3 kg/s). At that low Dow rate, the
upward drag force on the B C sphere should be much less than the gravitational force pushing downward.4

We've estimated that a sodium upuow of i1.8 kg/s would be needed before the upward force would equal
the gravitational of force. Therefore, unless the sodium Dow through the USS assembly is roughly 40

4-10
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times greater than the design level. the balls will fall down into the core.

He USS ful611s a necessary function, providing an alternate means of shutting down the reactor.
The complexity of the USS design seems to be related to requirements including testability, internal i

diversity, reliability, and the ability to move it out of the way for refueling and maintenance, itis
entirely peisible that the devlee will provide the highly reliable backup shutdown capability that has been
neededi

K?v Concerns in Section 4.2

hiovement of the control rod stops must be fairly precise to minimize potential UTOP initiators.*

The two key factors are measurement errors, which should be small at ' rate of 20c per inch for
all 6 rods, and calculational error, which cculd also be minimlred if o .e is careful to factor in
the most recent data, e.g., fro the most recent control rod movement.

Re US$ provides the second shutdown function and allows the operators to terminate an*
,

unserammed event. Howper it is a relatively slow system, and does rely on the reactor * passive
shutdown" respense to keep the reactor conditions acceptable for the Orst few minutes.

4.3 60-Year Plant Ufe

There are no known weaknesses in the PRIShi design that wauld preclude an extended plant
life-time, assuming that the necessary/ studies are performed and Ley components are replaced when
necessary.

Key Issues / Concerns in Section 4.3

None

4.4- Seismic isolators

De 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 to 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 CRIEpl and elsewhere, the data base
is growing and could be fairly extensive before any PRl!M prototype is built. Thg isolators planned for
usage in PRIShi are fundamentally simple and provide the desired hcrizomai isolation, which is
particularly useful for the tall and narrow PRISht design.

Key issues / Concerns in Section 4.4

None

4.5 Sodium Voigt
1

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 to r.early 6 dollars super critical, although realistically, the other 1

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

4-12
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worth is potentially a major safety concern.

The response provided by the applicant is similar to the previous position, although bolstered this j

time by an ANL study examining some trade +ff options. Briefly, the applicant's position is that 1)
wide scale sodium boiling is highly unlikely,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 to cause probicms in other areas. In the following sections, we'll consider

'

each of these three response positions.

4,5.1 Sodium Boiling is liighly Unlikely

llecause 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 PRIShi. For an independent PRA study, it seems likely that a failure I

probability in the range of 1 in 100,000 would be assumed for the shutdown system While this failure
probah!!ity is more pessimistic than Girs, it is more optimistic than failure rates assumed for LWRs.
Similarly, the failure rate to be assigned to the passive shutdown is probably in the range of 1 in 100 to
I in 1000 attempts. Factored together, PRIShi shvuld eventually be credited for a failure probability in
the range of 1 in 10 million to 1 in 100 million, per scram attempt. Sirce PRIShi is relatively small, it
could take 1000 reactor modules to 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 yearl

permd, that works ot't to 100,000 scrams. Therefore, over that 10 year perh>d, the chance of a sodium
voiding event occurring in a PRIShi reactor might be between 1 in 100 and 1 in 1000. His rneans that
while a sodlurn voiding event is very unlikely, it is not impossible.

The arguments stated above assume that these systems perform as designed. Dete may be ways
fcr the maintenance und operations staff to adversely impact on both the reactor scram system
(maintenance) and the passive shutdown (synchronous machines), so the chances of sodium voiding is

| probably somewhat higher than the odds cit-i above. nat is not to say that sodium voiding should be

| expected, because the defenses against suct ' development are ir. deed extensive, llowever, it is only
prudent to consider the possibility of such a development.

4.5.2 Can the llCDA Be Contained in the Vessel?

There is a reasonably good chance that a large IILDA could be accommodated in the PRIShi
reactor vessel, but it nay N some time before that can be established with confidence. Some essential
data regarding fuel espulim durir.g rapid transients simply do not exist. De fastest data 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 llCDA analysis that
! was performed previously for the FFTF reactor, and evaluated how the PRIShi vessels and structures

would stand up to that event. Their analysis indicates that the PRIShi reactor vessel and closure can
safely accornmodate llCDA loads resulting from energetics on the order of 500 hij without loss of
structural integrity, disengagement of the rotatable plug from the reactor closure, or expulsion of sodium,
h. dependent (BEL) examination of the applicant's analysis has not revealed any apparent errors.
Therefore, it does appear likely that the PRIShi system could withstand this large liCDA postulated for
FFTF.
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In comparing the postulated llCDA s for different fuel types, a recent paper |Ref. 9) from the
Indira Gandhi Center for Atemic Research is panicularly useful. Heir focus is on worst-case scenarios,,

with arbitrarily large reactivity insertions in 500 MWe sodiurn cooled reactors, using metal, oside, and
carbide fuel. ney make several interesting points'

i

De lower operating and melting ternperatures for metal fuel decreases any concerns*

about fuel-coolant interactions (l'Cis), which are essentially bettigri for inctal fuel

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 fractiorn (perhaps
100%),

,

Because the fraction of rnetal fuel melting is much higher, the potential reactivity*
,

insertion is metal fuel (due to slun. ping) is also higher. !

For reactivity insertions under about $75/second, the metal core releases more energy*

than the oxide and carbine cores. However, for insertions above $100hecond, the energy
'

release for the metal core is significantly lower.

Perhaps the most crucial finding from Reference 9 is that the ene gy release from a $200 hec
ramp is only about 300 M1, and is increasing only gradually as the reactivity irnertion rate increases.
For the 155 MWe PRISM core, the release would be less, and certainly less than the 500 MJ cstimate
made for FFTF and utillied by the applicant for determining IlCDA loads. Hus, the analysis in !

Reference 9 supports the applicants' contention that the PRISM vessel and head could survive a large
llCDA 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 scatter the neutrons as the sodium would). This raises the
possibility of radiation damage weakening some of the structure needed to withstand an llCDA.
Although not a major concern at this time, the possibilityof radia?.on induced embrittlement of structures
should be considered in future evaluations. ;

-

4.5.3 Can the Sodium Void Worth lic Reduced?
i

4.5.3.1 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 redue!ng the reactivity wonh from sodium
voiding to $1 or less, and some of this work is summarized in Appendix G.5. He 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 llCDA. '

Idcally, a negative sodium t'oid reactivity wonh would be best, but this would be extremely difficult
unless the reactor was nearly as small as EBR II.

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 probbm before),
it was fairly extensive. There are indeed a few options for reducing the sodium void worth, but they all

,

seem to have serious adverse impacts.' A major shortcoming 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 quite large, which requires far more control rod compensation, which increases the
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magnitude of potential UTOP initiators. Thus, one can overcome the * oid worth probh m, but obtains
a large and potentially damaging transient-over-power initiator in the exchange.

4.5.3.2 Alternatives Not Considered by ANL and GE

lt was implicitly assumed by ANL and GE that the metal fuel was the only fuel option to be
considered. This is not an unreasonable assumption for them to make, as they have dedicated a major
effon into developing the metal fuct and incorporating it in the PRISh1 design. The metal fuel has some
very desirable characteristics, and the designers have implicitly assumed that the problem of a large
positive sodium void worth is less important than the advantages gained elsewhere by using the metal
fuel. Even so, there exists an oxide core design for PRIShi, particalarly for use in the international
rnat ket. In addition, other fuel forms are being considered by the French and the Soviets.

While the ANL study did not consider alternate fuel types, there have been a few recent studies
in which metal fuel was cross-compared against oxide, nitride, and carbide fuels [Refs.10 - 141,
including one in which ANL participated. When taken together, these studies show that metal fuel gives
the largest positive sodium void reactivity worth, by at least 35% in comparison to the alternate fuel
types.

Sodium reactivity worth estimations flom two related studies for large th1R cores are shown in
Figure 4A. In the ANL study [Ref.10] for a large 3500 reactor, the sodium density was 35% higher
in the metal fuel core than in the equivalent oxide fual core. For a similar cose, KfK [Ref. Iil estimated
the sodium density feedback would be 38% higher r,hn vetal fuel than with oxide fuel. KfK also
evaluated the Super Phenix core, and found that % ubdwting metal fuel for oxide fuel they would
increase the positive sodium density reactivity feedback ny more than twice (106%).

In a recent study [Ref.12), Westingnouse llanford Corp. (WIIC) has evaluated the potential
impact of substituting nitride fuel into the PRIShi reactor. Results regarding the sodium void reactivity
worth are shown in Figure 4H. Using analytical tools based on neutron diffusion theory, WilC estimated
a 70% reduction in sodium void worth. They then utilized analytical tools based on the more accurate
neutron transport methods, and estimated that a 58% reduction in void worth could be gained by
substituting nitride fuel into PRIShl. In addition, WilC analyzed a shortened (* pancaked") PRIShi
reactor 76% as tall as the current design, and estimated the sodium void worth could be reduced to about
58 cents. In addition to work WilC performed in evaluating the nitride fuel effect on sodium void worth,
they also simulated the key unscrammed events postulated for PRIShi, i.e., the ULOF and UTOP, and
found results with nitride fuel that appear to be better than those projected for the metal fuel.

The Soviets have also been considering ulternative fuel types for incorporation in their UN- 1600
Lh1Rs [Ref.13), A plot showing the relationship between four fuel options, i.e., metal, carbide, oxide,
and nitride, for varying core heights, is reproduced here as Figure 5. This plot indicates that the metal
fuel sodium void worth is considerably more positive (st least 50%) than the other thrw fuel options.
The nitride fuel was estimated to give the smallest sodiam void worth, although not significantly better
than oxide fuel, judging by the plotted results.

As was mentioned before, there is a strong trade +ff between sodium void reactivity worth and
burnup reactivity swing, and it is difficult to reduce both simultaneously into desirable regions. This is
shown in Figure 6, which was adapted from Reference 12. The target zone indicated includes a negative
or small positive rodium void worth and a burnup reactivity swing below $1. As ANL has shown, it is
difticult to develop a practical metal core with both a small burnap swing and a small sodium void worth,
and this is supported by the metal fuel curve in Figure 6 which does not closely approach the indicated
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target zone. The oxide fuel curve it based on fairly high reactivity swings and negative sodium void
worths, and does not extend to near the target rone 110 wever, it appears the oxide fuel emve would
narrowly miss this target zone if extended, although the oxide fuel curve would still be preferable to the

'

metal fuel curve. The curve for nitride fuel includes a point within the target zone, with a sodium void
worth of $7c and a burnup swing of 54c.

.

Obviously, one does not select a fuel type based on a single characteristic, such a the sodium void
reactivity worth. DOE t.ponsored parallel efforts for both oxide and metal cores in PRISM for the Grst
two or three years of the program. A major consideration in DOE's commitment to metal fuel was the
passive reactor shutdown, which is considered a major safety advantage that may well outweigh the
disadvantage of the larger 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.1518] recently published which offer some brief i

comments regarding 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 stra!ghtforward reprocessing", along
with its "better (than oxide fuel) heat transfer characteristics and higher fissile atom density". In Ref. -

15, the authors concede that " nitride fabrication has been considered to be a difficult and expensive
preparation", but claim 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 signl0 cant modification of equipment", llowever, as cited
in Ref.17, the available fuel performance data base for nitride fuel is relatively small.

While the nitride fuel appears to have a major advantage in terms of sodium void worth, and may- t

. perform at h'ast as well as metai 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 needs 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 1

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 helnful 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. With the minor
actinides, the increased fissioning in the minor actinides tends to balance out the parasitic loss of neutrons
from Doppler " broadening", so tne Doppler (fuel temperature) coefficient decreases significamly.

The impact of including minor actinides in an oxide fuel core was studied in Reference 14, with
a 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 ths reactivity feedbacks for the oxide fuel, r.nd 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 incluc'e separation of the minor

|
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actinides, so they will be recycled into subsequent batches 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, (Derefore, the fraction of rninor actinides should be highest for ficsh fuel from LWR

'

recycles). ANL probably has a more accurate estimate, although the uncertainties 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
actinides in PRIShi, but one might be able to compensate for the changes in the reactivity feedbacks.

'

Dis is particularly true if the minor actinide inventory is only 2 or 3 %, which seems likely if the current
fuel processing strategy is implemented. Another concern is its effect on thermal conductivity, fuel clad

'

chemical interactions, and cutectic formations at the clad / fuel interface. For the time being we simply
note that the minor actinides could be a significant factor in the PRIShi passive reactor shutdown feature,

'

especially if the minor actinide loading exceeds a few per cent.

Finally, DOE, ANL, and GE have recently focused efforts on 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 hiouritain) 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 funhet pursued, it is likely that the minor actinide inventory in future metal fuel
ALh1Rs (PRISht?) could be much higher tbn 10E A machine built primarily for consumlng minor ;

actinides would likely have a very large positive sodium void wonh und a very small Doppler feedback, ,

- judging by the trends shown in Figure 7,

~

Key issues / Concerns in Section 4.5

While sodium boiling events are highly improbable, the possibility exists for a potentially serious*.

accident, ne key issue is whether the energetics from such a worst case scenario could be *

conmined within the vessels and containment dome. This appears to be true, but we neal
,

additional data before we can properly estiinate .he energy release during such an excursion.
'

,

Dere are some conflicting design objectives with respect to the sodium void worth, First, the- C

- use of metal fuel appears to reduce the likelihood of sodium boiling (due to the passive
shutdown), but it alsc increases the rodium void worth Second, the consumption of minor

'

actinides makes for a Sleaner ALh1R fuel cycle, but dieir addition to an ALh1R core tends to
increase the sodlurr. void wcrth and reduce the Doppler coefficient. Their effect on fuel
characteristics (i.e., therraal conductivity, FCC1, , .) are also unknown,

4.6 Flow Blockage

his 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 here just to note our perspective on Jis
- postulated event,

ne event at Fermi in 1966 involved a piece of zirconium liner that had broken loose and moved
'

into the core inlet region, creating a partial flow blockage that caused fuel damage and might have lead
to a much more serious event. As a result, the PRIShi core inlet region is designed to prevent such a
blockage. About the only means of developing a compaiable blockage would require a piece of flexible
material, such as aluminum foil, and would require a complete wrapping of that material 360 degrees
around an assembly inlet. It is difficult to consider such a development as being even remotely possible.

,
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The conectn raised by the NRC staff regarding pRISN1 is a .aanufacturing nfect whi h might
leave an nsembly without the slots which are to allow the sodium to pass into the assembly. While
unlikely, this certainly seenn to be a possibility. The key point in the applicant's response is that the
defect would be detected before the reactor was taken to full power, and that at low power any reactivity
addition resulting from sodium voiding or fuel slumping could be accommodated without a major accident
resulting. This respense seems reawnable, assuming the applicant assures that the proper instrumentation
and procedures are implemented, but it also seems to indicate a shift in policy. In the past, the applicant
hn chosen to de-emphasize the role of the operator in assuring the safety of PRIShi, but in this case they
are indicating a reliance on a person and/or a safety system detecting a problem and preventing a problem
from becomir g much more serious.

Key issues / Concerns in Section 4.6

The NRC statt's concern about manufacturing defects seems to have merit, and something should
*

be aJded to the operational procedures to identify such a defect before going to power.

4.7 Electromagnetic Pumps

The Ehi pumps are important to the saf ety of the PRIShi reactor, particularly if there is a failure
The fact that Eht pumps have no inherent coastdown (almost no inertia) and must rely uponto scram

>>nchronous machines operating in parallel to provide a coastdown increased our concerns further.
However, the addition of the GEhts helps to relieve some of these concerns, as a signineant loss in
pumping should lead to a significant reactivity decrease as the sodium level in the GEhts diops. The Eh!
pampi remain important to the safety of PRIShi, but the assurance of the coastdown may not be as
crucial e it was prior to the addition of the GEhts (see also section 4.16.3.3.4).

4.7.1 EN1 Pump Characteristics

in order to fully analyze the transient behavior of the PRIShi reactor coolant system we needed
far more detailed information on the pumps and the synchronous machines than the applicant had
prmiJeJ in the PSID or in the open literature. After some discussions, the applicant provided us with
the design details they were using for their own modeling. As this data was in the form of computer code
input, some effort was required to interpret the information and to make it fit into one comprehensive
m0 del Eventually we developa 3a.s of equations and curves that resembled those provided by the

-

applicant.

A key pump performance * head" curve was provideJ by the applient as Figure G.4.7-2 in the
new appendix of the PSID. Our corresponding head curve is included here as Figure 8. The two figures
are very similar, except that the applicant has chose to plot the head curves for different voltages, at the
reference speed of 600 RPhl, and we plotted the head curves at different speeds (synchronous machine)
for the reference voltage of 627 volts. Presumably, this curve was drawn fmm a designer's perspective,
illustrating their optians for driving the pumps at higher voltage. However, the pump performance at
different speeds are more important to transient analysis, particularly w. .n the synchronous machines are
coasting down.

One feature indi;ted by Figure 8 and the applicant's Figure G.4.7 2 is that, near tha operating
point of i1500 gpm and 115 PSI, the stop of the head curve is extremely steep. This means that a slight
inereee in flow will cause a sharp reduction in head, which in turn will reduce the flow, Alternately,
a slight drop in flow will lead to a large increase in head, which will increase the flow. Thus, these
punp w H1 has e a strong tenden:y to run at nearly constant flow, because any change in flow will trigger
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a significant change in driving head, pushing the now back toward the nominal value.

Our analysis indicates that the applicant is using a credible set of pump performance curves,
which include not only the head curves, but also efficiency curves and torque curves. These pumps are
more complex than corresp(mding centrifugal pumps.

4.7.2 Pump Control

ne applicant states that the Power Conditioning Unit (PCU) voltage and frequency are controlled
by the primary controller. As shown in t<nh Figure 8 and Figure G.4.7 2. changes in either voltage or
frequency can have a strong impact on the driving head provided by the Eht pumps, Herefore, the
controller should be able to impact substantially on the sodium flow rate to the reactor. This is an
advantage for the control system engineer, but it establishes a strong link l . ween the non safety grade
plant control system and the reactor cooling capability, and thus opens son.. safety issues. Again, the
addition of the GEhts may be an important factor in determining whether or not this is acceptable.

4.7.3 Synchronous Machines isolated

he movement of the synchronous machines into a region that is seismically isolated appears to
be a clear improvement in the design. The potential vulnerability of the cables connecting the
synchronous machines to the EM pumps, as they crossed from a non-seismically isolated area to the
seismically isolated area, was a major concern before the design revision, which now places them both
(i.e., synchronous machines and 'dM pumps) in a seismically isolated area.

4.7.4 Tuning the Coastdown

One advantage of providing an artificial pump coastdown using the syr -.onous machines is that
one can adjust the coastdown. The applicant is planning to take advantage of this cption by dropping the
voltage quickly initially, in response to an expected quick reduction in power, and saving some o' the
energy for an extended coastdown later in the event. While not expressly stated by the applicant, they
obviously have the option of using bigger / heavier synchronous machines if they need more coastdown
energy.

_

in principle, there ;eems to be no problem with the applicant's utilization of this option.
Ilowever, there are limits as to how much flexibility the operator, or the control system, should have over
the flow coastdown, so this is one area to watch as the PRISM design undergoes further design revisiort

The now coastdown calculated by the applicant is reported to be represented in Figure G.4.71
of Ref.1. Ce independent calculations indicated a lower now rate, so we requested further information
from the applicant. Rey provided the tabular printout showing the sodium flow rate through the reactor
and through the pump during a nominal Dow coastdown event. Oddly enough, the tabult- Hntout
showed a Dow coastdown that certainly appears to be faster than that shown in Figure G.4.m. The
applicant believes that some distortion occurred during the preparation, reproduction, or printing of
Figure G.4.7-l. Regardless, the trend in the tabular data provided by the applicant were relatively close
to our analysis, as shown in Figure 9. Our calculation shows a somewhat quicker coastdown for the first
few seconds, it is also noted that the flow differential between the pumps and reactor in the ARIES
calculations seems too high (they should be almost identical). While these discrepancies are a modeling
concern, they are not to be considered a safety concern at this time, partly because the GEMS provide
a strong negative reactivity feedback as the pumping falls off.
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While a couple of questions about the Dow coastdown remain unanswered, it must be remembered

that the applicant has considerable control over the purnp contdown. If the now coastdown provided by
their current design is not high enough or long enough, they need only modify the synchronous machines i

to get the coastdown they need. And again, the addition of the GEMS to the design reduces a
requirement for a high initial Dow during the coastdown.

4.7.5 Rods in Before Pump Trip

Because of the potentially sedous consequences of tb unscrammed loss of Cow (ULOF) events,
even given that the passive reacthity shutdown is likely to work, it is not prudent to trip the EM pumps
without verincation that the scram has taken place. He applicant had not considered this previously, but

+

has indicated their intent to remedy this overr'ght. In particular, they now indicate they will verify that
the neutron Dux in the reactor is, in fact, decreasing before tripping the pumps. '

4.7.6 ne 3 of 4 Pump Coastdown Case (See also Section 4.16.3.3.4) 1

Prior to 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
if 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 a Class 1E thermal shuioff system (TSS) that backs up the reactor
protection 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 suf6clent " 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. De applicant doesn't explicitly state this
temperature, 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), so both the RPS and the
TSS should act to preclude the temperature getting so high. In addition, the Curie " Point" is really an
mim al of rapidly changing magnetism, so the Curie Point failure would be at least somewhat gradual -
providing some coastdown.

4.7.8 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 to obtain the necessary coastdown with EM pumps, the .
applicant must utilize the synchronous rnachines. However, EM pumps apparently provide some real
advantages in the operation of PRISM, at least in the opinion of the applicant, ne addition of GEMS
to 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 reacior power,

,

{
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Key Issues / Con: erns in Section 4.7

The pump coastdown reliability is a crucial elemot 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)

flecause the applicant has substituted a helical-coil single wall tube steam generator for an older
straight double-wall tube model, much of the story regarding possible sodium-water reactions has changed
significantly from the previous design. De ner.er 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 help 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 spt-m. The secondary sodium passes through the lilX tubes, and the
applicant claims that a 1000 psi pwm ,:ulse (generated in the steam sp m from the tube failure) could
be absorbed safely. The objectue, ,a orotecting the IHX aie to prevent a larger pressure pulse and to
pievent the sodium-water interface from passing into the IHX, w here the ongoing chemical reaction could
damage the IHX tubes.

The IHTS isolation valves form one line of defense, as their closure would protect the llIX from
both 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.

He more reliabL gand 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. Trie challenge is to assure that the sodium-
water interface can not reach the IHX. As the reactions are developing in thc s(cam 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 into a central conduit, which
bypasses the helical coil tubes and leu,9ut near the rupture disks. Because of this bypass feature, the
sodium in the steam generator can be driven through the rupture disks without the 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
sodium ui: ward from the IHX to the IHTS pump, from which it would fiow downward toward the rupture
disks. Whther this could happen depends partly on the pressure differentials in the IHX and the IHTS,
it seems fairly clear that one could design the pluinbing 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 accomplish).

Therefore, there appear to be two fairly reliable means to prevent a large sodium-water reaction
from compromising the IHX tubes. However, there is one factor that lacks to be at odds with a normal
safety approach, that being the use 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 a 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 a pressure. Therefore
the applicant is using sequentially redundant rupture disks to assure they don't operz by mistake and expe!
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the IHTS sodit.m. Still, the proper opening of those rupture disks is very important in responding to a
large sodium water reaetbn, so we would recommend some parallel redundancy in the design as well.

Key Issues / Concerns in Section 4.8

The protection against the results of sodium water reactions appears to be largely satisfactory,*

although some closer exam.ination is advisable as the design matures. The designer's choice to
use sequentially redundant rupture disks but not parallel redundarit rupture disks helps to prevent
the inadvertent dumping of the intermedia!e loop sodium, but doesn't help in assuring the disks
will blow open if a large reaction takes place.

4.9 Reactor Vessel Auxiiiary Cooling System fRVACS)

Previous analysis of the RV ACS system, as described ic Ref.1, indicated the system would like!y
perform even better than the applicant was assuming. However, there were concerns about a couple of
issues, and these concerns were brought up in the SER [Ref. 2), and the applicant respondC to these in
Appendix G. One of these issues waa a posulated event in which RVACS was assumed to be fully
plugged for 36 hours, leading to an adiabatic heat-up that lead to significant damage before the end of
36 hours. The other issue was the pos bility of cumulative damage to the vessel and structures if therea

were to be repeated cases where RVACS was the only heat removal system available. Both of these
issues were raised at a time when the apnlicant was taking the position that the operator had little or ao
safety function and that RVACS was so failure-resistant that other decay heat removal systems were
comparatively insigni0 cant and that there was no reason to address accident mitigation. Since the
applicant has altered its position with respect to the operators and accident mitigation, adding a
containment dome among other things, the importance of these issues has diminished somewhat. In
particular, the bounding event 3 has been modified from a 36 hour adiabatic heat-up (see Section 4,16),
and we are more inclined to give credit for the ability of the normal heat removal system and the ACS
to perform well under natural circulation conditions, which reduces the likelihood that the RVACS would
be the soie means of decay heat removal to perhaps once or twice during the plant's lifetime. Further,
should there be cumulative damage to the vessel or structures due to an over-reliance on RVACS or an
under-performance of RVACS, it seems more likely to be an investment pretection issue than a pressing
safety issue, i.e., if the vessels suffer signincant damage the reactor would have to be shut down for a
detailed inspection, and subsequent hearings, before operations cod.1 resume.

However, when the applicant chose to increase the power produced by a PRIShi reactor module
from 425 htWt to 471 htWt, they did so without modifying the RVACS. As a result of this and other
changes, the amount of decay heat to be removed through RVACS increosed by around 20% (note: there
have been a couple of previous decay heat curves; the 20% increase is relative to the curve we had been
using in prior analyses). Therefore, we had to repeat our evaluation of the RVACS performance, and
this is discussed in the remainder of this section, and to some degree in Section 4.16, as well.

4.9.1 Analytical Tools Used for RVACS Calculations

The applicant's analyses of the PRIShi LOHS events are performed using special-purpose
computer codes that represent the system configuration in some detail. The advantage is that unique
features of the design can l'e easily programmed into such special-purpose models. The disadvantage is
that the validation base for such a code is very limited, as the code is largely wired for a system that
exists only on paper.

4-78
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The DNL analyses utilize the MINET Code [Refs.19 and 20). which is a generie Guid Oow and
heat transfer network transient analysis package, which has been used to analyze various sodium, water,
and gas-cooled systems. He advantages of using hilNET are that the validation base is sound and
dwerse, and that fairly sophisticated fluid dynamics and heat transfer models are available. The principal
disadvantage is that features unique to PRISh1 can be difficult to factor into the calculation.

By crowcomparing resula from the applicant's calculations and those generated at BNL using
hilNET, we can get a reliable prediction of the likely RVACS perurmance. There is little in common
between the models, and the chances of replicating errors are viewed as minimal.

b,,

4.9.2 PRISM System Conditions During RVACS Operation

Under normal operating conditions, i.e., with the EM pumps performing normally, the sodium
level between the liner and the reactor vessel is quite low. Once the postulated event begins and the EM
pum s are uipped and coasted down, the system pressure differentials decrease, and the sodium level ~

between the liner and the reactor vessel rises to almost the sodium level in the hot pool. Due to decay
heat levels that exceed the RVACS heat removal capability, after about 4 hours of heat-up the system

nds enough for the hot pool sodium to spill over the lin.r and flow downward along the
actor vessel. System conditions during this time frame are illustrated schematically in

F!gure

stem conditions are as shown in Figure 10, a long term heat up and ever.tually a
ss begins. Once the hot pool sodium starts flowing down along the reactor vessel wall,

formance is enhanced signifkantly. However, temperatures will continue to increase for
. until the decay heat decreases and the RVACS performance increases enough for the

m........uures to level off. Only after several more hours would the decay heat level fall off enough for
system temperatures to decrease.

4.9.3 Analyses of RVACS Performance During Reference LOHS

The predictions of the reactor outlet sodium temperatures during the reference RVACS event, in
which the decay heat is removed solely through RVACS, are shown in Figure 11. It is noted that the

_

peak sodium temperatures develop aftec '4 hours into the event, and are some 40+ degrees K below the
ASME C limits for the reactor vessel. Both calculations are in excellent agreement regarding the peak
tempeiature. There is also agreement as to when the sodium will expand enough for the spill-over to
develop, about 4 hours into the transient. The difference in reactor outlet sodium temperatures at that

'

time is believed to be due to a feature in the applicant's model that computes the heat transfer from the
hot pool sodium, through the liner, to the sodium that remains stationary between the liner and the reactor
vessel. Because there is no equivalent in the MINET model, the hot pool sodium remains a little hotter,
and this propagates through the primary loop and results in reactor temperatures that are a little too high.
However, once the spill-over begins, this difference disappears, and the calculations match up well after
8 or 9 hours into the event. Any differences in temperatures thereafter are not considered to be
significant.

In addition to the calculations represented ,in Figure 11, we have performed several other
calculations using MINET, the PASCOL code, or using simpler models. These calculations have
consistently shown that RVACS will perform at least as well as the applicant claims, and that the system
has a high degree of fault tolerance.
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4.b An.dyses of Bounding Event 3A

This event, which is ako discussed in Section 4.16, inwlves a postulated 75% blockage of the
air Oow ducting which results in a reduction in air Cow along the containment vessel. The corresponding
lolls event results in higher sodium t;mperatures, although the increase appears to be acceptable. The
reactor outlet sodium temperatures from the applicant's calculation and from BNL's MINET analpis are
show n in f'igure 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 prediction. In either
case, the predictions indicate that the reactor outlet temperatures may exceed ASME level "C" limits for
the vessel, which is primarily an insestment protection issue. However, the applicant may believe that
a 75% blockages of these very large air now ducts is unlikely, and further, that failure to clear a pathway
within 36 hours is hard to imagine. Regardless, it appears that a postulated lolls, 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 sptem.

4.9.5 Analyses of Bounding Event 3B

This event, also discussed in Section 4.16, involves a postulated full blockage of the air How
ducting for the Grst 12 hours and a 25% opening thereafter. The corresponding lolls is truly adi batiea

for the first twelve hours, and would cause signiGeant damage. The reactor outlet sodium temperatures
predicted by the applicant and BNL are shown in Figure 13 and are again in excellent agreement with
each other. Both calculations place the peak temperatures in the range of ASME level D limits for the
vessel. These tempentures are clearly high enough to endanger the plant from an investment standpoint,
although it does not appear likely to lead to signiGeant fuel failures or radioactive releases. This is quite
impressive, piven that total failure ef !) the normal cooling system 2) the first backup cooling system,
and 3) a nearly failure-proof emergency cooling 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 catch the leaked sodium and prevent the sodium level within the
reae'.or vessel from dropping below the IHX inlet. Maintaining the sodium level is important in order
to 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
reactor and containment vessels, anJ across the containment vessel, must be adequate in order to prevent
dam ge. This situation is illustrM 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) conipensates to some degree for the loss of the sodium spilloser and direct heating of the
inside of the reactor vessel.

|

In the original PSID [Ref. 4, the applicant analyzed &is evcat 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 be lower than for the reference RVACS case discussed above.

We performed two calculations for this event, with the results as indicated in Figure 15. Bothi

calculations utilize the same es: uate for the rate of heat transfer via conduction for various sodium
| temperatures, and thus are not truly i@pendenv go, there are several key parameters that contribute

- .

~
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to the predicted heat loss, and some of these parameters may not be identical to those used in the results
described in p+evious sections. Given those qualincations, we can see that the predicted temperatures
exceed ASME level C limits after about 36 hcurs, before dropping off gradually thereafter. Once again,-
these temperatures are in a range where the investment may be jeopardized, but fuel damage or
radioactive releases would be unlikely.

4.9.7 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 failure 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

. before, there are several parameters that determine how well the RVACS will perform, including heat
transfer coef6cients, emissivities, thermal conduction in the structures, and various flow resistances.
Naturally, there is a 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 that poor performance in one area can be compensated by other parameters). ,

I

'If 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 examines a variant

fcase, such as a postulated vessel leak, then.there is some chance of an off-performance leading to -
damage. For example, if there b a ,% chance of fuel damage in the event of a reactor vessel leak, and
a .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 is still .

"

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 developed for use in

|
advanced reactor concepts.

i .

'

Key Issues / Concerns in Section 4.9

Re 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 ha"e
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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reduces the importance of scramming the PRISh1 reactor immediate;y. However, if failure to scram
results in sodium boiling (unlikely, but possible), it is essential to scram the reactor quickly. There are
other operator functions involving plant startup (to check for blocked fuel assemblies), repositioning of
the contml rod stops, and responding to seismic events that are important to safety, and the operator's
ability to quickly assess the situation and to take corrective action must be assured.

Key Issues / Concerns in Section 4.10

We believe the operators must base the ability to scram the reactor within a few seconds of*

detecting a major problem.

4.11 Emergency Preparedness

ne applicant has taken the position that the liielihood and possible consequences of accidents
are such that formal off-site emergency planning involving early notification, detailed evacuation
planning, and provisions for exercising of the plan is not required. Previously, their arguments were
btsed mostly on the low likelihood of a serious accident. More recently, GE has placed cercased
emphasis on accident mitigation.

While there are some very clear safety advantages in the PRIShi concept, it is very difficult to
develop credible probabilistic numbers at this stage. The safety of PRISM is based largely on the passive
reactor shutdown mechanism and the passive decay heat removal system. Because the PRISM ternary
fuel is still under development (very few pins with 26% Pu have been tested, and those have run only
to low burnup levels), there is still a great deal of uncertainty involved in the passive shutdown. Also,
the large positive sodium void reactivity worth could pose a severe problem should the passive shutdown
fail to prevent sodium boiling. The passive decay heat removal is fundamentally much simpler and has
held up well to close scrutiny. However, there is little experience with such systems, and the PRISM
safety rationale depends very heavily on the performance of this system.

With respect to accident mitigation, the applicant must deal with a different problem. Over the
last few decades, ANL has made considerable progress with the metal fuel, but has not developed the
type of extensive data base required to analyze severe accidents. In particular, there is little data available -

on the behavior of fission products in molten metal fuel, particularly regarding how it behaves in sodium
pools. Also, the key mechanism required for terminating an HCDA, if one should ever develop, is the ,

fuel extrusion. Recendy,- ANL has been preparing to develop the required data base, r,nd has becn
providing some best guesses as to what the data is likely to look like. They make sound arguments as
to the likelihood of key fission products remaining in either the molten fuel or the sod.um pool and as
to the likely speed with which the fuel extrusion would take place during a power excursion. However,
there is simply little or no data available at this time to justify their arguments.

The applicant, as well as ANL and DOE, has presented the NRC with arguments about not
needing detailed emergency evacuation planning, based on the information available at this time. This
may be difficult judgement to make at this time, and it may have to be deferred until some of the " severe
accident * data becomes available.

Key Issues / Concerns in Section 4.11

Most accidents postulated for PRISM would be slow, and the designer's arguments with respect*

to using ad-hoc emergency planning hau merit. However, those very low probability HCDA
events could be very rapid. If the data demonstrates that a HCDA is highly improbable, and if

I
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it' appears that such an event can be contained in the vessels arid the dome, then an ad hoc
emergency response may be appropriate.

,

4.12 Role of Operator

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 -
role of the operator.

While it is desirable to design a reactor system to be resistant to operator errors, and perhaps
even to provide safety that is independent of operator actions, this may not be possible.13ecause 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
limitation,< in the passive shutdown mechanism, and the positive reactivity worth from sodium voiding
is a major concern. Therefore,'we believe that as long as PRISM has a latge 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 ni Section 4.12 -i

|

The operator's safety role in PRISM should be much reduced compared to LWRs, but it would*

be a mistake to assume the operator is not important to safety, in particular, we believe the
operator must have the capacity to scram the reactor, to protect against the extremely improbable
reactivity events.

413 Multi-Module Control

This is an issue that was originally raised by the NRC staff, and we defer to them regarding the

L apphcant's response m Appendix G. We add a few comments here just to note our perspective on
'

raulti-module control

Multi-module 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, which would make an independent._verincation 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

|L control system might do to cause problemsc 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 functionL-

is an inherent feature of the design.
I

Key issues / Concerns in Section 4.13!

The vendors choice of a large digital control system for a multi-module PRISM phnt seems*

entirely reasonable, i.e., it is a logical extension of current technology. It will be a formidableL

undertaking for anyone to independently assess such a massive and complex piccc of software.
1

|
For the moment we are recommending that the preferred course is to show the PRISM FJ3ctor
M6dule can withstand any challenges resulting from control system malfunctions.

L
1

I
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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 to note our perspective on |
security.

Of the items originally listed by the staff as priority items for improvement, the one we would
- most like to see implemented is a passive scram system, sach as a suitable Curie-point magnet, or a
thermal expansion based scram system. We believe that there may bc some limitations associated with

'

relying upon the passive reactor shutdown, based on reactivity feedbacks, in resisting an attempt to
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 testing is very valuable, and a major step
toward design certification, there remains disagreement about how prototypic the tests must be and which
types to tests can be omitted, e.g., a core meltdown. These issues could apply to several advanced
reactor concepts.

In the original PSID IRef.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 reasanable,
although the behavior of the air 4 ump system will be somewhat different than that of the steam generator
sy:. tem. 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 insurmountable
at this time.

In response to te 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 surveillance activities. The list of passive system tests appears to be fairly complete, 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 a separate steam generator test facility, one could perform far more challenging tests, as one would
be willing to risk damage to the IHX, 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 large enough to

,

run tests on a full-scale PRISM module would be very large and probably impractical. With respect to
the " station blackout" event witnout scram, there is probably some, logistical constraint involved here,
as we don't know of any reason why this event could not be run on the prototype.

4-40
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LWe believe that the proposed prototype f.ests are valuable and that it may be a mistake to insist
on large expensive systems that play only a minor _ role in the safety of PRISM. Ilowever, it is our

- opinion that the NRC staff should plan on full participation in the proposed tests, and should mJ.e eve 6y
effort to stay involved in developing the test program,

- Key issues / Concerns in Sechon 4.15 ,

De prototypiiality of th' test facility and the completeness of the test series will be the major -e*
issues, regardless of the design details or the testing procedures. Rather, the objectives will be
to make thel facility as prototypical as possible and to perform a camprehensive series of
aciertable tests. With respect to PRISM, it is very improbable that large seismic events, core -
melt events, or over-power excursions, would be simulated. Howev;r, there are many important
tests that should be perfonned, so the current concern is that the t:st facility and series are as
complete and comprehensive as is practical.

4.16 Safety Analyses

This section focuses mostly on revisions to the Bounding 9nts analyses, pirticularly those
- events pertaming directly to the reactor, llowever, the last two submio_ns in Section G.4.16 (Reff 1]
discuss the newly added GEMS and Control Rod Stops, and how these may impact on the safety of the
17.13M system.

4.16.1 SER Positions and P(rtinence of Design Changes

hi 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 Section GA.16 to address only the
Bounding Events, and to focus on how changes in the PRISM _ design and newer information on the metal

3

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 BDBEs).
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 betiveen these events and Bounding Events I A,18, and 2__(as interpreted
-by GE as an . nserammed event), and GE's decision to focus on the hunding Events rather thari theu

BDBEs covered in Appendix E is acceptable.
o

GE correctly acknowledges that there were four Bounding Events of Concern, namely the UTOPI
_ _

with RVAa providing the only cooling (Ib), the long adiabatic heatup event (3), the ULOF missing one
pump coastdown (4), and the fuel assembly blockage (7).' The first three cases are discussed in the
sections to follow. The last item, myolving 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 5 through 7, GE refers the reader to Section G.4.8.3 for the Steam.

Generator Tube Rupture (Event 5), Amendment Ii [ abo 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

4-41
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'

" External Evems" (Event 8) "until receiving further input from the NRC staff (i.e., a list of postulated
external evrats),

Contained in Table G 4.16-1 are peak cladding and coolant temperatures, the peak mixed-mean
i
'

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 la, Ib,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 is acceptable. Regardless, it is noted

.

#

that the peak fuel temperatures during Bounding Events la and Ib (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 are the peak fuel, cladding, and coolant
temperatures from GE's analyses for Bounding Events l A, IB, 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 Ogure, 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 l A and IB. 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 I A and IB 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 I A and IB we can see the
system gets significantly hotter if only RVACS is available to remove. the heat. These higher
temperatures are needed to radiate the heat out though the vessels, and result in a 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 acceptable for such an unlikely event, (further discussed in Section 4.16.3.3,1.2). The peak

'
sodium temperature is well 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 uf
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 th:: GEMS to insert a large amount of negative reactivity once the pumps trip off line,
,

Thus, the GE results prescated 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 uncertaintles), perhaps by

.

moving the control rod stops more frequently. Because the applicant seems to have a few options
.

*

available to reduce the potential UTOP initiators, the resubs summarized in Figure 16 are not viewed as
an insurmountable problem,

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

' We revised our independent analyses of several poe; lated events, including Bounding Events 1 A,
2,3A,3D, and 4< The analysis of Bounding Event IB will require some model modi 0 cations, which

,

have not as yet been implemented. However, we have enough direct comparisons between our analyses
and those provided by GE to project the likely results for IB. Because GE had an error in representing
the reactivity insertion due to control rod drive line expansion (their rod worth was too high), their
predictions for all the unscrammed events are slightly cooler (a few degrees K) than they should.be.
Thus, we expect GE's results for Bounding Event IB are fairly accurate, although the fuel should be-_

s!!ghtly 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 [Ref.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 next section. MINET is a highly Dexible systems code that
could be utilized to analyze the postulated long-term heat-up events, as well as features of the pump
coastdown events. Between SSC and MINET, most of the modeling requirements were fulnlled. Any

- gaps were covered using special purpose models. It is noted that work is in progress to reconfigure SSC,
MIMET, and other analytical tools to 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 reactor, seven channels
were used to represent the drivers, the internal blankets, the radial blankets, the centrol assemblies, the
reflector region, the shield assemblies, and a hot driver assembly. The bypass flow was also modeled.

LTwelve 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 utilized 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 simplined, as SSC 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 now rate was imposed as a transient boundary condition, based on
calculational 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 couid 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

_

- i
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assemblies were added to PRISM in order to supplement the negative recctivitv feedback that develops
once the pumps have been tripped, When the pumps trip and the pressure ; aps, 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 69c 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 a
wal! thicknes, slighdy 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. His 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 helium
expands and drops the sodium level into the core region. As a result, fewer neutrons are scattered back
imo 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 69c (i.e. 230 each) is imposed,

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

vt vg + vg (1)

Pg - p * g * hg = Pci (2)

Pg * Vg * Mg * R * T W

*

where -
Vt total GEM volume (m"3)=

V, GEM sodium volume (m* *3)-=

Vg GEM gas volume (m"3) -
=

Pg GEM gas pressure (Pa)=

Pei Core Inlet Plenum pressure (Pa)=

sodium density (kg/m"3)p =

gravity (m/s"2)g =

A GEM area - (m"2) .=

h, 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 by tracking
the heat transfer between the neighboring assemblies and the GEM

i
.

| 4-46

__ _ . . . _ _ _



,
,- . _ . - _. ._._ m.. -

.

.

's.r '.,

GAS EXPANSION: MODULE (GEM)1

1

l t 4-e e 8
|

1
. D - 10% FLOW,

A - REFUELING A B C D E NORMAL TEMPERATURES

B - ZERO POWER, ' E - ZERO FLOW,
. FULL FLOW NORMAL TEMPERATURES

C - NORMAL OPERATION (,
Vnc

$;- h,,
_ _. COVER GAS

n .

/G 's
'

$Et '

> :

BLANKET % f,
c- 7:;n

ij) 2 :<n '

i.I:N:
.g;,.s

:ff f
b . CORE h 'd | GAS EXPANSION CAUSESb

)
(SW:$

NEGATIVE REACTIVITY EFFECT/- w, :n

:'sg/jrW E'y-
,

u n .n

f GEMS TESTED IN FFTF CORE
'

:BLA KET
,

$3!N c'9
-

:g: p -, ' '

g 'O PERFORMANCE VERIFIEDj f' 9'
AT 50% POWER, 100% Flow

$e':#
;

s '- .,$-

kh!M $ $ WITH' DELAYED SCRAM
8 %:p :h'
'& bi': $ ;-p'

2 . ;h SODIUM O ACTION OF GEMS VERIFIED

M AT SHUTDOWN BY. TURNINGi 't

flu $.gg
ON FUMPS

i ..

Figure 18. Operation of the Gas Expansion Module (GEM) Tested in 1+11- (Which has a
Similar Behavior in PRISM).

1

.
- , . - - _ _ - _ _ _ _ . _ _ - _ --



- .- -- . ~ - . . - - . . . - .

Cp *Mg * dT/dt = Q, (4)

where - Cp GEM helium specific heat (J/kg*K)=

Q heat from conduction from=

surrounding fuel assemblies (watts),

and- t = time (s).

These equations are solved 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. i

-4.16.3.1.2 MINET Representation [Ref's.19 and 20J

The MINET Code is a highly flexible and modular systems code which is based on a momentum
integral network formulation [Ref. 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), as the reactivity feedbacic
modeling currently available in MINET is not sufficiently detailed for analyzing the passive shutdowr a
mechanism. - Models for the pipes and poo!s conserve mass, energy, and momentum along a length of
piping (called segments). He 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-input " heated pipe" in other cases. The RVACS heat loss was specified as a
time / temperature dependent heat loss in volume 108. Some auxiliary piping and valve 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 events, the
applications thus far have focused in two areas. First, and most extensively, MINET has been used to
simulate long term heat-up events. During these events a scram occurs, and normal and ACS cooling
are lost, leaving only 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 to 108
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 u'p-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.

c 4.16.3.2 - Darrage and Failure Limits

i In senion G A.16.3.2 [Ref.1], the applicant cites the damage and failure limits for the cladding,
~ dium, strusture, and, to some degree, the fuel. For the sodium (boiling) and structure (ASME Codes)so

,

j 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

p
.
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qualify, 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, w hich varies with sodium
. depth and pumping (increases system pressure and pressure drops). In PRISM, the in-core
sodium boiling temperature is about 1344 K (1960 F) if the pumps are operating and 1233 K '

(1760 F)if the pumps are off.

Structurat IntegrAM

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.e., more than an hour. In general, the structural
temperatures will be similar to the reactor outlet sodium temperatute, although they will lag the
sodium temperature significantly during the early portion of a transient.

Claddine Failure:

HT9 has some excellent properties, especially with respect to surviving in a h! h neutron flux and3
energy environment. Ilowever, at elevated temperatures, HT9 loses some of its creep strength

,

and also begins to interact with the fuel to form a low-melt temperature 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 preliminary 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 IB 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 Meltinc:

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
L 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-
cladding 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 relocate within the clad which could cause an increase in reactivity for the core.

Fuel and Claddine Behavior and Uncertainties:

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

,

..

1 :
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for over three decades, their estimates regarding fuel performance must be considered expert
opinion at this time. There are several areas where more data is required and they are:

1) Fuel cladding chemical interaction forms a eutectic with a minimum melting temperature
at the fuel-clad interface, caused mainly by iron (Fe) diffusion into the fuel. This effect
is compounded by lanthanide migration, plutonium migration, zirconium migration and
the kinetics at the fuel / clad interface. This minimum eutectic temperature must be
determined for the prototypical fuel.

2) The maximum fuel-clad liquid penetration rate from the eutectic formation must be
determined from irradiated fuel, where the lanthanide, zirconium, plutonium, and iron

diffusion is accounted for.

3) ne impact of lanthanide penetration into the cladding.

4) The migration of the fuel components to form multiple annular zones having too much
-

or too little uranium, zirconium, or perhaps plutonium (the plutonium migration appears

to be modest).

5) Estimation of fuel solidus and liquidus temperatures depends on component migration
with burnup, and this has not been fully characterized. Similarly local thermal
conductivity and expansion will depend on component migration.

6) The impact of fuel reprocessing contamination on fuel composition and performance
needs bettu resolution, especially regarding its impact on thermal conductivity, isotope
migration, fuel-clad interaction, and zone formation.

7) The EBR-II metal fuel data was collected on samples with a high volumetric heating rate.
Data at different heating rates are needed to determine if this gives a conservative
estimation of the fuel's failure mechanisms.

We believe that a conservative assessment of literature available on the eutectic data and physics

suggests a cladding temperature limit of about 900K, about 75K lower than G.E. assumes. However,
~

throughout much of this report we have compared against the applicants limits of 980K, on the
assumption the next batch of data will support ANL's current best estimate. It must be recognized that
this fuel is still under development and evaluations are based on currently available data.

DNL Estimation of Eytectic Formulation:

The data collection for the eutectic temperature associated with reactions of U-26 Pu-10Zr with
HT9 clad has only started since PRISM's fuel was changed from U-19 Pu 10Zr recently. As discussed
below, the data can only substantiate the limit at 903K. It is possible that future EBR-II irradiated
specimens may demonstrate an effectively higher eutectic threshold due to fuel surface effects which
reduce Fe diffusion.

The only data currently available to address this effect are the Differential Thermal Analysis
(DTA) and the Diffusion-Couple (DC) tests. Both tests use only un-irradiated fresh fuel. In DTA tests,
a section of clad topped by a piece of fuel was placed in an yttrium crucible and heated to 1823K. The
material was fully molten at 1573K The specimens were slowly cooled and exothermic reactions
identified precipitation of ZrFe2 between 1323K - 1373K and a Onal solidi 0 cation between 883-923K.
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In the DC tests, alternating sections of fuel and clad were sandwiched it.to 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 IIT9 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 reaction of Zr wit!. Fe and/or Cr to form the stable intermetallic
compound Fe:Zr, effectively removed the Zr from the system. He subsequent cooling curves were for
a mixture of Fe, Pu, and U. Fe forms low-melting eutectics with U (m.p. = 998K,66 */, U) and Pu
(m.p. = 683K, 90 */o Pu). For a first approximation, we can as ume the minimum melting point of
ternary Fe-U-Pu alloys 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-26Pu-

.

64 x M8 26 x 68310Zr, an estimated melting point would then be or 907K, in good
, .

,

agreement with the experiment.

However, for melting to occur at this eutectic temperature the U, Pu, and Fe must come into
intimate contact in this ratio. When heating a fuel / clad mixture, Zr does not get removed from the
reaction by precipitation with Fe or Cr until much higher temperatures are reached. Zr may also
concentrate at the fuel / clad interface by reacting with the Fe or Cr to form (Fe. Crb Zr and/r.r Zr (C,N)
at the interface. These can act as diffusion barriers to eutectic melting reactions, and de'ay their ontet
as the temperature is raised. Fission products in irradiated fuels, especially lanthanides, nay also affect
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 316SS cladding. He component makeup of HT9 indicates that the penetration
rate might not be similar to the previous data with D9 or 316SS in binary, or ternary fuel. Only three
data points from U-19Pu 10Zr with HT9 at 3% burnup were reported to date:

Batt (pm/s) Imperatere (K)

0.018 1053
0.0146 |023
0.009 973

They fall on a straight line. This correlates to R( m/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 correlation gives 4.3318E-4 pm/s (or 32.6 hours to penetrate 50.8 pm of clad) and the above
correlation gives 4.247E-3 pm/s (or 3.32 hours to penetrate 50.8 pm, which is G.E's definition of
cladding failure). More data are needed with prototypical fuel and clad before final conclusions 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 316SS and HT9, data collected with Type 316 SS
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cannot be assumed to apply to llT9 without more analysis. A pin with 2.3% burnup from EBR-li has
recently been evaluated in the FBTA. It was found to have an onset of cladtfee: interactions at a
temperature between 1023 and 1073K. llowever, this effort contributed only a few data points and was
at too low a burnup to typify the effects of Fe interdiffusion, nssion product migration, and effects from
prolonged contact between the fuel and clad. He data of interest will be between 10 and 15% burnup,

) which will not be available for a few years.

4.16.3.3 Analyses of Individual Bounding Events

As mentioned previously, GE analyzed postulated events that were largely consistent with those
listed by the NRC staff as Bounding Events l A, IB,2 3A,3B, and 4. The BNL calculations utilized
entirely different analytical tools, as well as a few varian* sets of assumptions. In most cases, we have
results that should and do closely correspond to the results provided by GE. In some of the variant cases,

g we have used more conservative assumptions or slightly altered assumptions regarding system
performance. As these variant case often involved more conservative assumptions, the safety margins
are generally smaller than for the reference bounding events. -

4.16.3.3.1 Unprotected Transient-Over-Power Events (UTOPs)

An unprotected transient over power (UTOP) accident rasults when positive reactivity is
inadvertently inse:ted into the core and there is a failure to scram, ne limiting case assumption is that
all the control rods are accidently removed. This event is bounded by the amount of reactivity available
in the control rods. In an oxide fuel core (i.e., UO2), the temperature and power defect and built in

,

excess reactivity for he burnup swing (excluding axial expansion) is generally several dollars worth,
making the event very severe, should it occur. The metal fuel core in PRISM has, on the other hand,
a small temperature and power defect ( ~$1.2), negligible burnup swing (excluding axial expansion) (
~$0.04), and excess reactivity to account for the fuel axial expansion ( ~$1.1). The amount of
reactivity available for a UTOP is reduced by adding control rod stops in PRISM, such that only a limited
amount of excess reactivity ( ~ $0.40, including $.10 to cover uncertainties) can be added.

Because of the small Doppler feedback, the UTOP scenario can be very challenging for a metal
fuel core. The hard neutron spectrum of a metal core has relatively few neutrons in the prominent U-238
resonances; thus, giving the PRISM reactor a small Doppler feedback. This is the usual mechanism to
limit an over power event of the axial core. Instead, the PRISM design must rely on neutrenic feedbacks

*

from radial expansion, co.1 trol rod expansion, and fuel axial expansion to limit the peak power. As the
temperature increases, their impact on the neutronic reactivity feedbacks are relied upon to limit the
energy production to an acceptable level.

4.16.3.3.1.1 B.E. I A: UTOP with Normal Cooling

The event is initiated from full power. The control rods are assumed to begin withdrawing with
a speed of $0.02 per second. He control rod stops are supposed to limit the withdrawal worth to 30
cents. Ilowever, GE has adapted 40c as the TOP initiator to account for uncertainties and to be
conservative. Thus, the PRISM TOP is assumed to insert 2 cents /s for 20 seconds, for a total of 40
cents, representing the withdrawal of all the control rods.

The initial conditions used and important system parameters are listed in Table 1. A majority
of the initial conditions were taken from the PSID amendment for the 1989 version of PRISM, with the
remainder from direct communications with the vendor.
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Table 1

Table of Initial and Key Operating Parameters

Description IllSM _S1C

Power (MW)- 471 471

Cover Gas (kPa) 99.3 99.3

Primary Flow (kg/s) 2513 2507

h

Primary Sodium Inlet (K) 610.9 610.9

Primary Sodium Outlet (K) 758.1 758 0

lalet Plenum (kPa) 744.6 744.6

Pump Rise (kPa) 614.3 614.3

Assembly Length (m) 4.978 4.978

Core Height (m) 1.3462 1.3462

Peak Fuel Pin / Average Fuel Pin 1.31 1.31

Fuel Pin CJ (m) .00668 .00668

Driver Fuel Pins / Assembly 331 331'

Intermediate Sodium Flow (kg/s) 2293 2275

Intermediate Sodium IHX Inlet (K) 555.4 557.0
i
!- Intermediate Sodium IHX Outlet (K) 716.5 720.0 f

I-

u

|

l
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Two UTOp cases were analyred. De Iht calculation represented a case where SSC is set up
to replicate the ARIES calculations discuued in ti e PSID. His was done to verify that the models give
comparable tesults foi similar assumptions. De acond calculation represents the PillSM system if more
conservative anumptions are made about the fuel tchavior.

Nominal Case: LOP Calettladena!Lh Nominal lhtLhlwiin

he withdrawal of all of the control iodi is represented by an imertion of 2 cents /s for 20
seconds. De EM pumps are asumed to continue to operate at nominal conditions. ne cor trol rods
are thus removed to the rod stop position without causing activation of the reactor protection system.

The plots from the analysis are shown in Figures 20 threugh 28. %c power reaches a peak of
1.7 times rated by 23 s, and begins to level off at 1.22 times rated by 7 minutes, as shown in Figure 20.
The increase in power increases the average core outlet sodium temperature (Figure 21) to a muimum
of 870 K, This increase in the core outlet sodium temperature also improves the performance of the IHX
as shown in Figure 22. He total rise in core outlet temperatute is 112K Eventually the core outlet
sodium temperaure is re established around 833K, which is 75K above the initial temperature.

He changes in the reactivity feedbacks can be seen in Figures 23 through 25. The total (net)
feedback, shown in Figure 23, starts out positive because of the reactivity from the control lods being
ternomi, but turns downward once the negative feedbacks increase enough to counter the positive
inse on. The (Oc in fuel temperatures first increases the Doppler absorption of the neutrons, and then
triggers the fu.l's elongation. These two fealbacks add about 23C at the time of peak power. l{igher
sodiurn tempentures create a harder neutronic spectrum, which g:nerates a positive feedback of about
+6c at the time of peak power. He higher sodium temperatures cause the thermal expansion of the
control rod drive line and the radial expansion, as indicated in Figures 24 and 25. The control rod drive
lines have time constants of around 30 s, and are slow to set as compared to the radial expansion. Radial
expansion, shown in Figure 25, is composed of the grid plate and the above core load pad (ACLP)
expansion, which are as shown in Figure 24. De radial expansion adds the crucial amount of reactivity
that eventually limits the power increase to 1.7 times rated power, and then contributes to the power
reduction that follows. The control rod driveline expansion reactivity continues to increase in worth, and
drives the taal reactivity to zero after around 80 seconds. Although the reJuced power decreases the
worth of sevent of the reactivities, the control drive line continues to expand, caing the total reactivity
to become slightly negative and re-stabilizing the power near 1.22 times the rated level,

%e predicted bot,avios of tlw component reactivities is ve:y similar betweren GE's ARIES
calcutations and the SSC calculations. A comparison between the two predictions is shown in Table 2.
One point of contention was the worth of the control rod driveline, which ARIES was predicting to reach:

a wonh oi about 30 cents, while SSC predicted about 20 cents. Upon im estigation, the ARIES worth
curve was found to have been set erroneously for the smaller (old) height core, and the BNL prediction
was correct. He plots in the PSID will have to be modified by GL to correct this problem, but have not
yet been replaced. Also, the ARIES modeling used the singh assembly bowing model, which gives about
5 to Sc of negative reactivity that is not factored into the SSC calculation. This effect was intentionally
left out of the SSC calculation, as the quantification of the radial bowing is very difficult and the feedback
is alwap negative when the :emperatures are rising, so omitting it is believed to be both conservative and
prWent. (llowever the bowing feedback will not be a significant issue until there is a case identified
where one nttdg the bowing contribWion to predict a safe response to a postulated event).

'

De results from the LTIOP povser spike and increase in power level on de fuel can be seen in ,

Figure ^6 through 28, where the pak temperatures are shown. It must be nod that the thermal
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- Table 2 |
r

Table of Peak Temperature 3 Predicted by SSC and ARIES

'

l'namttu ARIES SSE

Peak Power 1.72 1.7
f

Peak Na (K) 951 944

Peak C4d (K) 979 960

Peak Fuel 1292 1298

1164Average Driver Peak (K) -

134-0Na Saturation (K) -

conductivity is set to that of the nominal fuel, so that SSC coud be consistent with the ARIES calculation. |
(This is changed in the next SSC calculation). The figures sh9w that the peak temperatures are in the
core center (axially) rather than 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 conuol rods to be inserted deeper in the core than previously (abo causing the need for the control
rod stop>), resulting in stronger bottom power peaking. De fuel centerline temperature plotted in Figure
26 shows that the temperature reaches 1298 K, which is above the 1273K solidus temperatme for the
nominal fuel, nis solidus temperature is not thought to be conservative, since local melting temperatures
can be impacted by isotope migration, which can reduce the solidus and liquidus temperatures.

Fuel melting was predicted ln both the ARIES and SSC calculations, ne extent of melting
depends on the peaking factors used and the thermal properties. GE has estimated a peaking factor (i,e.,

_

peak driver pin compared to the average driver pin) of 1.31, which was used in both codes, llowever, !

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, ne thermal properties are still under review and
have not yet been Snallred for the present fuel in PRISM. The estimated behavior of the isotopes and
their migration have not been resolved either. Significant migration of the uranium and zirconium
components occurs in the EBR Il 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 temperature 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 to the ternary
fuel, several key factors have not yet been determined. The fuel is very dynamic when compared to
oxide fuel, since the fuel experiences swelling, element migration, sodium logging, inter-porosity
connections, Ossion product formation, and permanent axial expansion. He thermal conductivity is
affected by all these factors, and irradiated fuel shows a minimum conductivity at 2% atom burnup when
sodium logging (sodium Elling the porosity within the fuel region) and inter-porosity connections have
not been completed. The minimum conductivity is generally taken as 0.51,0.1 times nominal, while

4-65
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the long terrn value is 0.710.1, because of the sodium logging. It is believed that the fuel thermal
conducthity is the least certain factor in the thermal hydraube analpis for PRISM.

Conservative Case: UlOlbiittLikduoClhttoxtLCuMutkity

Two principal changas were made for this variant use. Iirst, the control rod drive line w as
previously assumed to be ' washed" by the soJium exiting from the surrounding channels in the lower
part of the hot pool to be consistent with ARIF.S. This was changed to use the average sodium esiting
the core, and the average of the bot pool, sirace local thermal hydraulic behavior during these events are
not kumn. Further, the exact behavior of the flow around the UlS has not been determined. The second
change was the reduction in the thermal conductivity for the hot channel, based on possible migration of
the Pu and Zr, and weighted by the volumetric heating rates. It is noted that plutonium migration may
be insignifkant, in comparison to the rittonium and uranium migration, but more data is needed before
one can conclude there is little or no Pu migration. Some of the resuhant thermal conJuctivity salues
are shown in Table 3.

In Figures 29 through 37, results from the second, more conservative, UTOP calcuhnion are
represented. In Iigure 29, the powe peak is shown to increase to 1.8 times the rated power and later
stabilizu *t 1.2. The average core outlet sodium temperature reaches a peak of 8h0K The reactivities
inIigure ' 32, and 33 show the same trends as before, except that the control rod drive line is slower
to respond. In this more conservative analysis it is " washed *' by the average sodium temperatures above
the core rather than the hottet local exit temperatures immediately adjacent the control rod drive line.
'!his slower response allows the peak power to reach 1.8 before the negative feedbacks start noticeably
reducing the power level, it is noted that the sodium density feedback is the only active positive
reactivity fee <lback (with temperature).

,,

Table 3

Referenced Thermal Conductivities

IfBTJ10 NOTDinid (W/mK) ikdsgd fW/mSJ

M 7.3 2.5 -

1000 9.5 4.6

1300 12.9 98

The fuel temperatures for the top three nodes in the hot channel are shown in Figures 34,35, and
36. The peak temperatures and power predicted during this calculation are shown in Table 4. The peak
center line temperature in Figure 34 reaches 1400 K, which is far above the solidus temperature for the
nominal fuel (i.e.,1273 K), let alone for the case with the reduced solidus temperature from Zr
migration, which is about 1200 K when Zr is about 2% atom percent in the center ring. Peak
temperatures for the next axial level up in hot channel are shown in Figure 35, v'ith the fuel temperature
peaking near 1364 K. which exceeds the solidus temperature for both nominal and Zr reduced fuel. s

flowever, the tep node is much cooler, at 1258 K, which indicates that prefailure extrusion, which
projects molten fuel into the gas plenum from trapped molten pockets expelled by pressurized fission gas,
v,ill not occur, since the top-of-fuel temperatures are not hot enough (i.e., close to the solidus
temperature). Thus, this expected negative feedback from nearly molten fuel would be unlikely to help
mitigate this event.
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10.0 - Beta =3.4688E-3
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Predicted Radial Expamion. Sodium Density (Density) and Axial Expansi<>,Figure 32.
Reactivity Feedback from SSC for a 40 Cent UTOP.
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| Table 4

Peak Values for UTOP Variant Case

Relative Power 1.8

Fuel Centerline (K) 1400.0

Sodium (K) 963.0

Clad (K) 981.0
Average Driver (K) 1185.0

in summary, two SSC calculations wcre performed for the postulated UTOP event. The first used
conditions and models similar to the ARIES code calculation to verify that the SSC analysis could be
made to give results. De results indeed showed good agreement when both codes included similar
modeling assumptions. The second SSC calculatlan for the UTOP event used the reduced thermal
conductivity, to account for uncertainties and irradiation effects. Also, the average upper plenum pool
temperatures were used to " wash" against the control ro<1 drive lines, just above the core, as opposed to
the flow from surrounding channels, as was used in the ARIES calculation.

All three calculations predict that some fuel rnelting will occur. When uneettainties in the thermal
conductivity are included, the results suggest that much of the upper portion of the peak pin cculd
experience localim! melting.

While SSC does not represent phase changes or any other fuel melting phenomena, the high
temperatures predicted indicate that the potential for significant melilng is very real. These calculations
were perrormed at the 2 % burnup level, corresponding to the lowest value of thermal conductivity in the
burnup cycle, and at that time the fuel would not has e swollen out to the clad, except at the center (axial)
location. Rather, the fuel-clad contact would occur according to the axial power shape, which would
make the center close first, followed by the bottom, and finally the top of the fuel.

Some of these concerns have been discussed with GE and ANL. While both parties hope and/or
believe that further data on the metal fuel behavior will reduce the concerns, GE has provided a brieflist
of changes that could be made to the PRISM design in order to alleviate our concerns. These options
are as follows:

1) Moving the control rod stops more frequently and by smaller increments

2) Making multiple rod withdrawals extremely improbable

3) Increasir:g Ibl0 enrichment in control rods so driveline expansion is more effective

4) Changing pin characteristics

5) Reducing plutoniom content

While each of these steps may have strengths and shortcomings, it is clear that GE has several
options. Therefore, while the current results of the 40c UTOP indict'e fuel damage, it is clear that the
applicant has several options to reduce or eliminate this apparent vulnerability.
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4.16.3.3.1.2 B.E. IB: UTOP with Only RVACS Cooling
i'

/T

4 In order to analyze this lengthy unscrammed event, we needed to use the long term heat-up
d calculatlon f om MINET coupled with a long term reactivity transient analysis from SSC, This capability
j is planned as part of the Advanced LMR Transient Analysis Package (ALTAP), which is to be created
E from SSC, MINE'i, and a couple of smaller special purpose computer models.
q

While we could not fully simulate this event, we can make some judgements based on GE's
,

[ ! calculations and our own independent analyses for related cases. First, our calculations for the long ter m

% heat up events (MINET) are very similar to those provided by GE. This is true for the reference RVACS

4 heat-up event, which is the scrammed version of the event coreldered here. Herefore, we can assume
Kj that the rate of heat removal in the GE analysis of Event IB is reasonably accurate. Second, with the

a' exception of GE's misrepresentation of the reactivity worth of control rod motion (they inadvertently used
the reactivity worth curve for the previous PRISM reactor design), GE's results for the unserammed;

Gj events are in good agreement with our SSC calculations (when we assume nominal fuel conditions
consistent with GE's calculations). Therefore, we would expect GE's analysis of Event IB to under

@ predict the reactor power and temperatures, but by a relatively small amount. Hird, we can cross:
compare the results from GE's two calculations for Events l A and IB, as summarized in Figure 16. It2y is nated that the peak cladding and sodium temperatures are sign 10cantly higher for Event IB, as the

j systems temperatures have to be considerably higher than in Event 1 A for the RVACS to be able to-
effectively dump the heat. Ilowever, when the sodium and cladding temperatures are much higher, the>

9 power production must fall signl0cantly. His is indicated by the fact that the peak fuel t:mperature in

d Event IB is not much higher than that in Event I A.

Q
j Thus, we have several good reasons to believe GE's results are fairly accurate, with the two -

"

A qualifications. First, the predicted powers and temperatures will be slightly under predicted by GE, due
j to the control rod modelling error. Second, GE's results neglect any plutonium migration, which cannot
j be ruled out with the present data base. Should future data indicate the plutonium is relocating, then the
d predicted peak temperatures will be significantly higher and the possible fuel damage could be quite
j serious,
a

1 Either way, we must conclude that the results for Event IB are a reason for concern, since

3 signincant fuel rneiting is likely. Ilowever, we do not believe that Event IB is a major problem for the
j designer, as there are several options available to remedy this problem, with the most obvious being to

g simply move the control rod stops more frequently (see also Section 4.16.5). Therefore, while the

j analysis of Event IB indicates a potential safety problem, the fact is that the applicant has options to
j - resolve the problem fairly casily with appropriate design changes.

I
j 4.16.3.3.1.3 Variation on B.E.1: UTOP with LOF
s

Although not specitied as one of the postulated Bounding Events, the UTOP with the EM pumps
tripped simultaneously is an interesting, although unlikely, event. This event was dif0 cult to
accommodate passively with the previous PRISM design, but the addition of the GEMS has had a major
impact on the predicted response for this event.

The initial conditions are the same as the previous cases, as specified in Table 1. The transient
. begins with the simultaneous trip of the pumps and the withdrawal of the control rods. The four EM
- pumps coast down. The control rod withdrawal is worth 2 cents /s for 20 seconds, for a total of 40 cents.
The secondary loop and IHX remain operational during this event.
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De decrease in flow and inescase in reactivity causes a fast heat-up of the system, in Figures |
38 and 39, the predicted powtr and core outlet sodium temperature, respectively, are shown. At about |

300 s, the power and flow begins to stabillie, and natural circulation is established. Also, lower
temperature sodium reaches the core, from the operating lilX, and decreases the reactor outlet sodium
temperature.

The reasons for the decrease in power can be seen in Figures 40 through 42, where the reactivity
fehlbacks are plotted, nis initial response comes mostly fiom 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 :

outlet pressure decreases. His holds down the power to flow ratio, so enough coolant flow is available
to remove the heat generated. The fuel and chant mts increase in temperature, expanding, and adding '

negative reactivity from radial expansion, as sho, Figure 41. Ilowever, the GEMS dominate the
other feedbacks, causing the power to decrease. "1. awer level settles around 10% of rated power,

.

with the feedbacks from the GEMS and the temperatures of the structures having reached a new (critical) |
equilibtium point.

The reactor outlet sodium temperatures are shown in Figure 43, with the hot channel outlet peak |
predicted to be 10l$ K. The corresponding fuel temperature is the initid value, and thus is near the
center of the core. De various temperatures in the hot driver channel, near the : ore center and the core
outier, are shown in Figures 44 and 45, respectively. The internal and radial 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 UI.0FfrOP is 215 K. %e 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 a ULOF/ TOP of 40 cents. %c power would transition
to about 10% of the rated level, due to the negative reactivity feedbacks from the GEMS. No fuel
damage is predicted.

4.16.3.3.1.4 Peak UTOP Temperatures

The peak temperatures predicted in the UTOP event calculations are shown in Figure 48, which
also shows the pertinent temperature limits. As was discussed, the peak temperatures for the Event l A
40c 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 nomin?! fuel is
assumed. if zirconium migration is considered, the fuel damage would be more extensive, lowever,
if the peak cladd;ng and sodium temperatures appear to be acceptable, PRISM could probably survive
the fuel melting if there was little or no effective compaction of the fuel material in the p;ns (a
compaction would lead to increased reactivity and power production). Ilowever, if the lower cladding<

damage limit of 903K (Section 4,16.3.2) applies, then significant cladding damage could occur

Peak temperatures for the same event, if we assume plutonium migration, are indicated by the
third set of bars in Figure 48. The peak fuel temperatures are very high, although the peak clad and
sodium temperatures are little changed. Even if the cladding 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 credible 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.110 wever, the addition of-
the GEMS has significantly improved PRISM response, and the principal concern remaining would be '
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potential cladding damage, further, if one could be quite certain of the GEMS functioning, then the
operator inight intentio'ially trip the pumps during a UTOP event, to reduce fuel damage!- (However,

; this strategy could be hazardous if the GEMS fail to 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 staffine!udes an assumed reactor scram, which occut.,
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
unserammed 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-analyzed as part cf Appendix G. *Iterefore, we have included here the analyses of a few variations
on Dounding Event 2.

-4.16.3.3.2.1 With Scram

Bounding Event 2, a loss of power with scram, does not seriously challenge the PRISM reactor
system, as it is designed to passively acconunodate such an event. A loss of power will cause the control
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 wow be available as a heat sink. Further, the ACS should provide
natural draft air cooling of the euerior of the steam 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 2quivalent to a loss of all pumping without scram, neglecting the reduced rate of heat
removal through the. intermediate loop baeed on natural circulation. We analyzed a similar event, as
discussed in the next section. The variant cases covered in the two sections that follow represent a loss
o_f 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 Table 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 remaining undamaged is directly -
L 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
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level. The neutronic feedba;ks, which reduce the power, are related to the power-to-flow ratio, which
deteimines the sodium temperature in the core. The core outlet temperature reaches 950 K at the end
ef 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 components of the total reactivity. The sodium feedback reaches !

about + 15 cents, while the axial expansion reaches about -5 cents, and the radial expansion goes to -16
cents. The components of the radial expansion are the above core load pads (ACLP) and core grid plate,
which are plotted in Figure 51. The large thermal mass of the system delays the grid plate heat-up. The
dominant feedback during this event is the negative feedback from tha gas expansion modules (GEMS),
as shown in Figure 53. The Doppler feedback, also plotted in Figure 53, shows a positive response
because 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 deercases. The fast insertion of negative reactivity
reduces the power, keeping the power-to-flow-ratio favorable, so the heat can be removed without fuel
damage. The drop in the GEM sodium level with core inlet pressure (or pump coast down) can be seen
in Figure 54 and 55, with the corresponding reactivity insertion included in Figure 53. It can be seen
that the GEMS quickly add -66c by 100 s, reducing the power nearly as quickly.

The 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
temperature. In Figure 56, the temperatures at the exit of the hot channel are shown. The fuel reaches
a temperature of 990 K by 1000 s, and is in a range where eutectic penetration would begin. Finally,
the margin to boiling is shown in Figure 57, which indicates the closest margin to boiling 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.

Mth GEMS Ca.s.g

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 suberitical. The core
average sodium outlet temperature, shown in Figure 59, reaches a peak of 830 K. The peak temperatures
from the hot drivet are plotted in Figures 60 (center) and 61 (top). In Figure 62, the net reactivity is
plotted. The reactivity contribution from GEMS is shown in Figure 64. The GEMS insert about -580
by 200 s, but do not reach their full worth until 600 s This effect is caused by the increasing

j 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
'

components, i.e., the above core load pads (ACLP) and core bottom grid plate, turn positive since the
GEMS push the power and temperatures down. . As is also shown in Figure 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 usually 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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nominal operating conditions, While the feedbacks responJ differently to achieve the power re.iuction,
as compared to the previout transients, enough negative reactivity is inserted to drive the core suberitical,
and the power transitions down to the decay heat level by 500 s. The last potential point of concern is
shown in Figure 65 where the peak channel outlet sodium temperature is plotted against the sodium
saturation temperature. He margin to boiling with the GEMS is approximately 300 K.

g The ULOF without GEMS would be a power reduction f rom the temperature dependent rea;tivity.
The predicted power is plotted along with the power predicted for the case with GEMS, shown in Figure
58. It is noted that without the GEMS the power is slightly higher and decreases somewhat slower, since
temperature increases must activate the reactivity feedbacks. The average core outlet sodium temperature
increases to 935 K (830 K with GEMS) and levels out at about 850 K. These higher temperatures are
needed to match the heat loss and the power production, which is higher than decay heat levels. As
shown in Figure 66, the net reactivity peaks near 27 cents. Note that the ACLP contribution is negative,
since the core without GEMS must heat up significantly. Figures 67 and 68 include other calculated
neutronic feedbacks. The sodium heats up as the sodium flow rate reduces, raising system temperatures.
The Doppler, axial expansion, radial expansion, and control rod drive line reactivity feedbacks initially
turn negative, with only the sodium feedback positive. The net is a negative feedba;k initially, and the
power level is later re-established at about 10% rated power. The increases in temperature also changes
temperatures withia the fuel

The increase in system temperatures causes an increase in the peak
centerline temperature before the power begins to fall, as shown in Figure 69 and 70. However, the peakg fuel temperatures reach only 1150 K, for the case without the GEMS. This is far below the solidus
temperature, (i.e.,1249 K), even factoring in the three annular rings that develop within the fuel pellet
from Zr migration. Figure 65 shows that without the GEMS, the peak sodium temperature is only 160
K from boiling.

Conclustns for the ULOF Cug .

The SSC preJictions show that PRISM would be able to withstand the ULO, , both with and
without the aid of the GEMS. The GEMS can dominate the neutronic feedbacks, and can bring the power
down to the decay heat level within 500 s, with a margin to sodium boiling of about 300 K. The fuel
temperatures decrease, and fuel damage is not a significant risk for this event. The case without the
GEMS shows the usual heat up of the structure 3, which activates the reactivity feedbacks, thus reducing
the power. This causes the power to stabilize around 10% of rated, and temperatures are about 150 K
higher than when the GEMS are functioning (i.e., -850 K versus ~ 700 K).

The GEMS can be helpful in three respects. First, they add to the safety margin regarding
sodium boiling, and this is a crucial thresholc; to avoid. Second, if one or more of the pump coastdowns
are less than anticipated, e.g., if one of the synchronous machines seizes, then the GEMS could help
avoid a potentially serious accident. Third, during an extended unscrammed event, the reactor vessel
expands and pulls the control rods out somewhat from the core, and the GEMS help to overcome this
delayed reactivity addition, which can be quite significant.

4.16.3.3.2.2.3 ULOHS Only
j

The event is initiated from full power conditions, as listed in Table 1. The secondary loop heat
transfer is arbitrarily terminated, so that all heat generated is retained in the primary vessel. The vessel
heat up is assumed to be adiabatic. The EM pumps continue to operate normally, and the plant protection
system is assumed to not scram the reactor. As discu_ -d previously, the thermal conductivity used is
the reduced case, as shown in Table 3, in order to account for the uncectainties in the data collected to
date and to reReet the fuel's behavior under irradiation.
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Figure 66. Predicted Total, ACLP, and GRID PL:e Reactivity Feedback from SSC for a|
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,

Within 10 seconds of the lilX being shut off, the temperature of the sodium entering the IHX is
the same as that leaving, as seen in Figure 71. De resuh can be seen in Figure 72, where the power

-level transitions to a decay heat level by 500 seconds. Figure 73 shows the sodium temperature in the J

core inlet plenum starting to increase by 80 s. De outlet sodium temperature is shown in Figure 74. '

He slow heat up of sodium is because of the large sodium poolr and the metal mass, giving the primary
sodium a big therrnal sink.

i
He 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 27c by 600 s. This [

is what is left over after overcoming the power defect, since the absolute temperature of the system has
increased. He radial expansion, shown in Figure 76, is the dominant feedback in this event, and drives
the net feedback, with the grid plate expansion shown to be the largest contributor to the negative

The hot inlet sodium thermally expands the grid plate and reduces the fuel density byfeedback.
spreading the assemblies of the core, causing more fast neutron leakage. These higher temperatures also
increase the axial thermal expansion feedback, contributing about -8 cents. %e higher temperatures
increase the positive feedback from the sodiurn density to about 14 cents, Figure 77 shows that the
Doppler feedback is worth only about -5 cents. The control rod drive line expatulon has a maximum

,

reactivity worth of onij .7c by 200 s. By 200 s, the rods are already being withdrawn due to 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. Ilowever, over the long term, the grid plate expansion and other
thermal expansion feedbacks largely counteract the ef fect.

,

The temperatures in the hot driver are shown in Figures 78 and 79. He temperature decreases
after about 75 seconds. This figure is representative of all the mid-core temperatures. Some of the fuel

,

centerline temperatures below the core center increase because of the increase in the sodium inlet
T

temperature. Since the reactor power transitions to decay heat levels, the fuel temperatures are not a
concern for this event. Finally, Figure 80 shows the margin to sodium voiding to be about $60 K, which ;

is quite large and not a reason for concern.

Hus, the ULOllS event does not appear to pose a signincant challenge to the PRISh1 passive
shutdown. The peak fuel temperatures all decrease, and show no fuel damage durin3 the first 600 s.
The only concern might be 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 loss of How and/or
heat sink, along with key temperature limits are shown in Figure 81. GE's results for Event 2' are

| represented in the Orst set of bars, which d!rectly correspond to those included in Figure 16. Feak
temperatures from the equivalent UNL calculations are shown in the second set of bars. He difference
in peak fuel temperatmes remains unresolved. The peak fuel temperatures in the DNL calculation occurL
21 the beginning of the transient, because tripping of the pt.mps triggers a quick response from the GEhis,
which brings the power down before the system can begin to heat up. It is unclear to us why the fuel

,

temperatures increase in the applicants analysis. With respect to the peak clad and coolant temperatures,
|

both analyses indicates similar temperature incre?.ses, 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 GEhis functioning, are represented
by the 3rd and 4th sets of bars. Obviously, the peak temperatures with the GEhts functioning properly
pose little concern, liowever, without the GEhts, there could be significant cladding damage.
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The 5th case, she unscrammal loss of heat sink does not appear to be a significant safety concern,
unless it contin"es indennitely. Certainly, the peak temperatures are very modest over the near term,
as indicated in Figure 81.

4.16.3.3.3 lolls Events with Partial filockage of RVACS Ducting

lleeause RVACS is the only safety-grade heat removal system for PRISM, it has been closdy
scrutinized for potential f ailure modes. While some degradation in system performance is possible (heat
transfer surfaces may change) and some partial failures (reactor vessel leaks, for instance) are
conceivable, the failure mode that seems most signi9eant would be a blockage of the air flow ducting.
Ilov ever, these 4 indepetident air ducts are very large and dillbult to fully block, except via a massive
earthquake or an extremely thorougn act of sabotage.

llecause RVACS is such a crucial system. the NRC start 6 dat some degree of failure should
be assumed for futther analysis. (His failure is in addition to a loss of normal cooling and loss of ACS.
which are not safety systems, but have excellent natural cooling capabilities regardless). Initially, a very
lengthy adiabatic heat up was imposed, which lead to predictions of severe damage about i day into the

~

event. llowever, the definition of this event was somewhat arbitrary and pre-dated sorne revisions in the
applicant's positions regarding containment and the safety function of the operator (thereby reducing the
likelihood and consequences of such an unlikely event)

4.16.3.3.3.1 75% 111oekage of Air-Flow Dueting

He indeper. dent analysis for ti.is event is discussed in Section 4.9.4, with the peak reactor outlet
sodium temperatures as shown in Figure 82.110th GE's results and 11NL's results indicate that system
temperatures peak out around 925 K (1205 F) about 40 hours into the event. The principle concern here
would be for the system structures, as ASME "C" limits are around 922 K. Ilowever, "C" limits are
primarily an investment c neern, as if these temperatures are exceeded the process of restarting the unit
would involve a detailed e - naluation by safety authorities. In addition, the cladding temperatures for
this event (close to the sodW temperatures) could cause signincant damage to the fuel loading.

4.16.3.3.3.2 Full blockage of Dueting for 12 Ilours, Then 25% Re-Opened

The independent analysis for this event is discussed in Section 4.v. with the peak sodium

temperatures included in Figure 82.11 th GB's results and 11NL's results indicate peak temperatures in
-

0

the range of 975 K (1296 F), coming around 25 hours into the event. These peak temperatures are near
ASME "D" limits, and some damage to the structures may result. There may also be some localized
cladding damage in the hotter portions of the reactor.

The first 12 hours of this event involve an adiabatic heat-up of the primary system, with
temperatures climbing more than 200 K (360 F) during that time. If the adiabatie hea'.-up were to
continut severe damage would occur before the end of 24 hours. Ilowever, the likelihood of the PRISM

-

system ever experiencing an adiabatic heat-up, given that all three heat removal systems function well
under natural t.irculation, seems extremely small. Further, twelve hours is a lengthy period for someone
to restore partial functioning of one or more of the heat removal systems. Therefore, generally speaking,
the adiabatic heat-up category of events scem unlikely to dominate the risks in operating a PRISM unit.
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4.l'6.3.3.4 ULOF Events With Coastdown Failures

As an EM pump hn virtually no inertia, it wn necessary for GE to use synchronous machines
1

to provide an artificial coastdown. Dese machines, which are little more than flywheels coupled with
motor generator units, are operated continueusly so that if there is a pov,er loss os other malfunction then
there will be a resultant coastdown. As the synchronous machine is coasting down, the rotational energy (

is tapped and diverted to the EM pumps, which experience a gradual, pre-progsammed reduction in
power.

r

llecause the passive reactor shutdown requires some time to bring the power down, the absence t

'

i of pump coastdowns un be a major safety concern. Therefore the synchronous machines and the cables
,

*

i are crucial safety components. The designer's decision to move these machines into the seismically '

}
isolated wne is believed to be a major improvement. Further, the addition of the GEMS has been very
helpful, as the large and rapid negative teactivity feedback that iesults when the pumps are tripped really *;

boosts the effectiveness of the pusive shutdown.J

Even though the designer's modifications in this area have addressed some concerns, possible
the loss ;

pump coastdown failure modes remain an area of concern. In this riection we cover three cases:
of one coastdown during a UI.0F event, the instantaneous loss of one pump at full power, and the
instantaneous loss of all pumps at full power. It 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).

4.16.3.3.4.1 ULOF on 3 of 4 Coastd 'ns

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

Analysis of this event was comp!icated by our need to calculate the sodium flow rate through the
reactor power using the MINET Code, and to calculate the reactor power using the $SC Code. Sin;e
the reactor power level and the sodium flow rate are closely coupled, a ccuple of passes were needed to
assure (Le two calculations were consistent.

In the MINET modeling, the pumps were represented individually, using the fa,rly detailed pump
head and torque curves provided by GE. Some of the complexity is caused by the stoppage of one pump,

,

which creates an open pipe like pathway for the sodium to short-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 to about 300 kg/sec., and then coasts down, as shown in Figure 83. Instead, the
flow per pump goes to about 500 kg/sec., and the coa,tdown from there is more protracted, as shown
in Figure 84. These changes are caused by the flow reversing through 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 down, and the reduced torque that causes the coastdown to be stretched out.
As a revilt the coastdown of sodium flow rate through the reactor, shown in Figure 86, is not nearly as
severe as one might araicipate.

The tiow coastdown predicted by MINET was used to drive the SSC calculations. The calculated

power from the SSC prediction is shown in Figure 87. He reasons for the M 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
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first several seconJs. This is triggered by the rwpid drop in the sodium level uithin the Glihh, as shown
in Figure 91, which drops quietly as the pumping k cut beck sharply.

Peak temperatures calculated for this event are shown in I:igures 92 through 95. The peak fuel
temperatures in the hot driver near the asial center of the core, shown in Figure 92, are at the beginnmg
of the event. This is because the negative reactivity from the Glihis drops the power quickly and brings
the fuel temperatures dow n with it. 'ihe sodium temperatures near or at the outlet of the core, are shown
in Figures 93 throu};h 95. 'the sodium temperature.s peak at the initiation of the event, but reJuee with
the now rate.

The only real safety concern here would be the cladding temperatutes, and this depends on what
assumptions are made regarding the cladding damage limits see Section 4.16.3.2). This event would
have to continue for a long time for signincant cladding damage to occur, and even then it would be
locali7ed to the hottei ts of the core. Therefore, this event now looks fairly mild, with the Gl!Ms
making a significant - abution to reducing its severity.

While we did not analyze the highly improbable case where two coastdowns are onissing. It is
possible to extrapolate from other cases. We would expect some localized fuel melting and significant
cladding damage, but sodium boiling would be very unlikely.

4.16.3.3.4.2 Instantaneous Stoppage of One Pump Without Seram

in principle, a pump could fail in such a way that no coastdown would occur, although it is
questionable wner thh would develop with warrJng signs. liowever, given the reduced role of the
operator in running the Ifdshi reactors it's possible that any warning signs would be overlooked. If ive
also impose a failure to scram the reactor, the probabilities become pretty low. However, one could
envidon an external event, particularly a large earthquake causing multiple failures and conceivably
starting this type of event.

This type of event was analyzed for the previous version of PRIShi, using the MINiiT Code.
Ileeause of the short-circuiting of the flow, the reduction of sodium now to the core was almost 50%.
Even so, our SSC calculations indicated the passive reactor shutdown could bring the power down quickly
enough to prevent fuel damage.

For the recent analysis we are able to use the detailed pump models. Also, we were able to
factor in the newer system pressure drops for the inercased core height (from the previous design).
13ecause the head curves are very steep in comparison to those we assumed in the previous analysis, there
was less surging in the three pumps remaining operational. Therefore, the coolant Dow through the core

.

dropped quickly to 49% of the rated flow.

The normalized sodium now rate through the reactor, as specified for SSC, and the noriaallied
power production, as calculated by SSC, are shown in Figure 96. The reasons for the rapid decrease in
power can be seen in Figures 97 through 99, which include all of the important reactivity feedba;ks.
Note that the feChack 00m the GEMS, roughly -25 cents, develops quickly and dominates the other
feedbacks. This is because the sudden loss of a pump drops the pressure quickly, dropping the sodium
level in the GEMS.

Key reactor and system temperatures are shown in Figures 100 through 103. With reduced
pumping and less pawer production, system temperatures fall significantly. However, since the power
does not remain as low as the coolant 01w. the temperature rise across the core and the temperature fall
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Figure 96. Predicted Relative Power and Normalized Core Flow from SSC for a Punip Seizure.
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across the IHX increase, as indicated in Figure 103. Also, as shown in Figure 100, the drop in
temperatures are quite sudden, so the peak maximum temperatures are re?ched within the first 5 seconds.

i

i

Dus, our analyses, using both the MINET and SSC codes, indicates this event is largely benign.
Clearly the GEMS can have a major impact when one pump is stopped suddenly.

4.16.3.3.4.3 Instantaneous Stoppage of All Pumps Without Scram

This event goes well beyond bounding events in probability :, pace 2nd could best be described
as *cxceedingly unlikely" In principle, a massive earthquake might be postulated that causes the loss
of all energy Cow (including that from the synchronous machines) to the EM pumps and completely
incapacitates the scram system. If, in 3dt.ition, all this occua simultaneously and the operator doesn't
trigger tree USS, men this exceedingly unlikely event could occur.

Our reason for analyzing this event was to answer an intriguing "what if?" question, particularly
in light of the recent addition of the GEMS. We believed there was ,ome chance that the GEMS might
bring the power down quickly enough to prevent sodium boiling. However, our analysis currently shows

--

thet for this event the sodium would boil after about 10 seconds, and that a power excursior, would likely
result.

He first task in the analysis was to determine the rate of flow reduction to the reactor We .ised
the same MINET representation as was discussed previously except this time the pump heads were cut
to zero within four seconds. The calculated teactor flow mte is shown in Figure 104. The flow rate
curve labelled " General Electric, ARIES" is from a very preliminary calculation, and should not be
regarded as final. However, it is irteresting that the flow rate estimated by GE decreases much more
slowly than that from our MINET calculation. The inertia that is apparently in the GE calculation is not
fully understood. We believe the sudden flow reduction predicted by MINET is more realistic.
However,if the curve predicted by the applicant is correct, that would surely make for a slower transient,
and sodium boiling would be delayed at the very least.

The SSC calculations were driven, using the pump head, to have the same sodium flow rate
shown in Figure 104 (MINE'i'). The resultant reactor power and sodium flow, as calculated by SSC, are
shown in Figure 105. It is noted that initially the power decreases, although not nearly as fast as the flow
dect:ases. By 20 seconds, the power is increasing, and a sodium-boiling driven power excursion
develops rfter about 25 seconds. The reactivity feedbacks shown in Figures 106 through 108 tell the full o

story. The total reactivity (Figure IM) is initially dominated by the feedback from the GEMS (Figure
108), which quickly add 63c of negative reactivity, but is later dominated by the sodium density / void
feedback (Figure 107). The sodium appears to be largely subcooled through the first 14 seconds, but the
large scale sodium boilir'g is developing thereafter. Most of the other Sedbacks are much smaller,
although the Doppler feedback is accelerating at the end. The one crucial feedback that would have to
limit the severity of'he event is the axial expansion of the fuel. However, our model is based on thermal
expansion and does not include the rapid "prefailure extrusion" (rapid axial fuel expansion) that ANL

;

predicts for rapid temperature increase,

Some other key parameters are shown in Figures 109 through 112. Not surprist the sodium
luels in the GEMS drop quickly, as shown in Figure 109. Peak temperatures in the hor .ver clearly
show sodium boiling at 9 seconds, and sodiura boiling is developing in the average drivers >y 16 seconds,
as shown in Figure 112.
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Assuming our prediction of the sodium Dow rate through the core (Figure 104) is correct, this
is clearly an event that must be avoided. The applicant recognizes the importance of' assuring a
coastdown and as long as the correct steps are taken, this event should remain to have almost zero

| likelihood of occurring.

A second way of avoiding such a severe event is to keep the scram reliability high. An analysis
of the no-coastdown event was performed using the same BNL codes, but this time with a scram coming
0.8 seconds after the pumps trip. The case was piedicted with and without GEMS. In both cases, there
is a large margin to sodium boiling, and the peak fuel temperatures are acceptable. Cladding damage
would be minor. Thus, it is not essential to get the pump coastdowns if the scram is successful.

4.16.3.3.4.4 Cross Comparing ULOF Variations

Peak temperatures from the four calculations, including lE's (Appendix G of Ref. P nd three
by BNL, are cross compared in Figure 113. The two sets of bars on the left should match up well, as
we largely agree on the ULOF on 3 out of 4 pump coastdowns. The discrepancy in the peak fuel
temperature traces to GE's prediction that the fuel temperatures start upward before falling off. We can
not account for this, as we believe the reactivity feedback from the GEMS brings the power down faster
than the fuel can heat up due to lower sodium flow, in this case, as in most, the difference in fuel
temperature is not signincant and there are substantial safety margins for each calculation. There would
be some cladding damage in this case, but it should not be extensive unless the event continues for a long
time.

The third set of temperature bars in Figure 113 is a sudden pump stoppage (' seizure") without
scram. These peak temperatures are fairly low, and this event does not appear to be threatening.

The fourth set of temperatures is for the exceedingly unlikely instantaneous stoppage of all four
pumps without scram. The temperatures shown are taken from the last part of the calculation that SSC
could complete.

Overall, the addition of GEMS has helped to substantially improve the response for this category
of events. Losing a pump or a pump coastdown no longer appears to be a major concern. However,
the last case illustrates that the need for the pump coastdowns is very ,2nuine and that one must always
guard against anything that could eliminate all four pumps entirely ant! s'.multaneously. Finally, while
the GEMS can be very helpful in this respect, there is the additional burden of monitoring the scxlium -

level within the GEMS to ensure their prompt and effective actuation.

4.16.4 Gas Expansion Modules

The GEMS were added to provide additional negative reactivity in response to loss-of-pumping
events. Previously, it was hoped that the inherent and passive reactivity feedbacks of the reactor would
be suf6cient for the passive shutdown mechanism to prevent damage in an unpro'ected loss-of Gow
(ULOF) event. New information on the performance of the ternary metal fuel and more careful analysis
of the various fuel loading anticipated indicated that additional negative reactivity might be needed in a
ULOF event, so the GEMS were added.

The GEM is essentially an empty assembly duct, sealed at the top, open at the bottom, and
connected to tha core high pressure inlet coolant plenum. When the pumps are operating the trapped gas
is compressed into a region above the active core, sodium occupies the portion of the GEM that is
adjacent to the fueled region of the core. When the pumps are off, the gas region expands into the core
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region and allows more neutrons to escape from the core (rniuced scattering back into the reactor). Such
devices were successfuliy tested in FFTF during a series of ULOF tests.

He predicted sodium levels in the GENis for various (static) conditions are shown in Figure 18
(Section 4.1611.1). For full pumping and flow, such as cases B and C in the figure, the ges spsce is
well above the core. For cases where there is little or no sodium flow, such as case D and E, the sodium
level is near the center of the core. This refueling condition has not been considered in any detail, but
most refueling operations are at cold, subciitical conditions so that the impact of any spurious reactivity
insertions should be far less threatening than if they occurred at power.

Behavior of the GEhis and incar impact under postulated transient conditions are discussed in
Section 4.161 neir impact is highest for the unscrammed loss +f-now events, especially during the
pump coastdown phase. Rey appear to be highly effective and helpful during such an event, and even
provide extra margin in case the synchronous machines a.e less effective than predicted, or if one or two
might fait entirely.

Here are potential safety issues associated with the addition of these devices. First, can they S-
tested in position on a routine basis? The applicant indicates that they can test the GEhis by varying the
pump speeds, while the reactor is suberitical, in principle, we believe such testing could be performed
safely and that the results should be fairly accurate, based on the change in suberitical neutron
multiplication factors, Second, are they reliable and can deterioration in performance be detected during
operation? It appears that the applicant has at least three options for monitoring the GEhts: by using

.| tag gas that can be detected if leaked, by monitoring the neutrou flux on the outer (away from the center
of the core) side of the GEh! duct, and by suberitical testing of the GEh1 worth during plant outages.
Third, could the GF\fs inadvertently insert 70c of reactivity at a crucial time? The applicant claims that
it will be raarly impossible to reach full power critical without the pumps being on, and therefore the gas
must be compressed into the region above the core under full power conditions. However, this argument
is based largely on operating procedures and human factors, so this possibility may turn out to be the
major risk from having GEhis in the core.

In summary, the applicant states that they must yet carefully weigh the risks vs. the bene 0ts from
having the GEhis in the design. With the GEhis in use, the PRISh1 response to ULOF events is
significantly improved. On the other hand, there may be some riske ociated with theit utilization,
although no major problems have yet been identified.

4.16.5 Control Rod Stops

The PRIShi Control Rod Stop System is one of the more important saiety systems in the current
'

design, as it limits the potential magnitude of UTOP initiators. This importance is due in large part to
the expected high reliability of other key safety systems, but also due to the potentially rapid and severe
development of reactivity events in LhiR cores. '

While it's difficult to develop meaningful probabilistic risk numbers for a system such as PR15hi,
where key safety systems are new, untested, and largely passive, one can make some pretty good guesses
as to the weaknesses in the system. For the PRIShi design documented in Appendix G, the analysis
points directly to the unscrammed transientsver-power (UTOP) event, it is a combination of small
Doppler feedback (smc!) inertia), zirconium, uranium, and perhaps plutonium migration, and low solidus
temperaturet that creates the vulnerability for the metal fuel core. The best defense against the UTOP
vulnerability is to assure that only small reactivity insertions are possible. In the current PRIShi design,
this is aehleved via the rod stops.
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ne cunent UTOP limit of 40C (including 10c to cover unecrtaint!es) may be a bit too high, as
shown in Sections 4.16.2 and 4.16.3.3.1. However, it this is reduced in'o the range of 30C to 35C, then

<

the UTOP predictions may move into an acceptab'e range. Therefore, it is quite possible the rod stops
may be adjusted more frequently so as to limit reactivity insertion to less than 40c. .,

"

The rod stop system performs an out-motion blocking function, but shouH ha ve no impact on iod
insertion, either forced or gravity driven. De rod stops are moveJ periodically when the top of the
control rods move within some finite distance of the rod stops. The plant control system determines when
the rod stops are moved and by how much, but cannot actu.dly move the rod stops without operator
permission. The operator can deny permission to move the rod stops. but sannot move the rod stops to
an alternate position. Also, all normal rod movement (excluding scram) is temporarily stopped while the
stops are adjusted.

GE provides some arguments as to why this approach should be safe and acceptable to the NRC.
1

Rey state that the data used by the PCS to determine the next u.ove is verified using RPS data (a safety
grade system). Also, it the operator does not approve of the prormed relocation, he can prevent the rods _

movement. Elecause the burnup swing is negative, failure to move the rod stops would eventually lead
to an extremely gradual reactor shutdown (but wouldn't impact on the scram capability).

He rod stop system may provide a viable means of limiting the size of potential t! TOP initiators,
but there may be room for improvement in a couple of areas. Giving the large non-safety grade PCS
control over such an important safety system may not be the best choice. If the operator is going to be
able to make a judgement regarding the proposed adjustment he will need reliable instrumentation in the
control room and adequate training to be able to make such a judgement. Also, the determination of how
far up the rod stops should go must be done using a fairly elaborate calculation based on rod worth
curves, burn-up data, and detailed core-physics analysis. On the other hand, movement of all six rods
ene-half inch is worth slightly less than 10 cents, so the precision of the mechanical relocation does not
seem a major concern.

We believe that GE can improve on the rod stop system they currently propose It is probably3

not appropriate for their PCS to adjust the rod stops, and it may be preferable for this function to be
transferred either to the RPS or another dedicated safety systent If the operators are to have the pcwer
to veto a proposed adjustment, they must hase a clear and reliable picture of the current conditiore.
Finally, a cimple algorithm could be developed to determine the proposed adjustment in position. Such

-

an algorithm, which might be based on the impact of recent adjustments in control rod position, should
be highly reliable.

K?y issues / Concerns in Section 4.1.16

Since tnepostulated UTOP events lead to some localized fuel melting, some policy decisions may*

bt. necessary with respect to how much localized fuel melting is acceptable in the ternary metal
fuel.

At eleve.ted temperaturt.s, the HT9 cladding begins to interact with the ruel to form a low melt*

eutectic. The eutectic depends, in part, on the compositi^n of the fuel in the outer radial zone,
which in turn depends on the burnup level and he amount of component migration in the ternary
metal fupl. It appears possible for significant eutectic formaion to develop about 903K, which,
if confirmed, would indicate some cladding damage during several postulated events.
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The component migration in the fuel is not fully unJerstood, although additional data is espected*

over the next year.

The current postulated UTOP event is 40 cents, and would result in some fuel damage. If the*

applicant chooses to reduce the masimum UTOP initiator, how will this be accomplished?

Failure of the pump coastdown devices during ULOF class events could be har ardous. While the*

failure of more than one of the coastdown deviets is expected to N small, one should take
preeautions to make sure the chanees of such multip'e failures are indeed very small.

The GEMS are very helpful for ULOF events, bu: t% applicant needs to provide a means of*

monitoring the gas space during operations.

The Control Rod Stops must be adjusted aften and with some precision. He procedure has not*

been defined by the applicant.

L 4,17 Station P!ackout
_

This is an issue that was originally raised by the NRC staff, and we defer to them regarding the
appli: ant's response in Appendit G. We add a few comments herejust to note our perspective on station
blackout.

De PRISM reactor was design.d to passively accommodate loss of power events, and its
performanee under station blackout conditions should be excellent. He requirement for safety grade
(class |E) pow er is low, approximately 60 kilowatts for a nine module plant, and can be supplied entirely
from batteries. We believe that the lack of Class IE diesel generators may actually be an advantage of
this design, as one does not need to worry aboct the probability of a diesel generator starting up on
demand.

Key issues / Concerns in Section 4.17

None - PRISM was designed to accommodate this event passively.*

4.18 Risk Assessment

hTne original PRA included with the PRISM PSID was enlightening in several respects. It
provided some insights regarding the design, especially with respect to the relative impodance of some
of the key safety systems. The big challenge was in assigning meaningful numbers to some of the system
failure rates, as many of these systems were new and different from anything previously evaluated. In
several cases there was no existing data base from which to extrapolate. Perhaps the greatest challenge i

was the RVACS, which was the only safety grade decay heat remova' tystem and had no apparent failure
mode other than very large earthquakes and extremely thorough acts 2 sabotage. In addition, key data
were missing regarding the behavior of the metal fuel during severe accidents. As a result, the original
PRA contained several very large uneenainties. The SER indicated that the initial PRA was interesting
and represented a reasonably good effort at tackling a very difficult task. However, the outcome of the
PRA w as dominated by uncertainties, and it was felt that to draw firm conclusions from the PRA required
some degree of caution.

The applicant's response, provided in Appendix G, has both encouraging and discouraging
elements. They point out several instances where design changes strengthen their cases regarding the
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safety of PRISM, and in many cases we would coneut. In addition, the applicant also attempted to
improve on the PRA, and to use sensitivity studies to argue that some 01 the areas with a lot of
uncertainties are not really that important. This should be viewed with caution, however, as some of the

| failure rates assumed by the applicant contain enough uncertainty to distort the sensitivity study itself.'

4.18.1 Impact of Design Changes

Several design changes are cited in Section G.4.18.2, and most appear to improve the PRISM
safety picture. Key changes are discussed in the sections that follow.

4.18.1.1 Seismic isolation of the Synchronous Machines

his appears to be a significant improvement, as these machines must provide a highly reliable
"coastdown" for the EM pumps (which have no inherent coastdown). The previous arrangement had the
cables between the EM pumps and the corresponding synchronous machines crossing between zones that
were seismically isolated and those that were not. His appeared to be a significant safety problem, and

its elimination should reduce the risk. -

4.18.1.2 Strengthening fluilcmgs and Enclosures

The refueling enclosure, steam generator building, and the control builomg have been tornado ,

hardened. In addition, the refueling enclosure has been upgraded to Seismic Category 1, and the . steam
~

generator buildirg and control buildmg have been upgraded to Seismic Category IL Clearly, these are
improvements that are potentiaDy important to saf ety, and should reduce the risk due to external events.
In particular, providing better protection for the operator is thought to be a significant improvement.

4181.3 Gas Expansion Modules (GEMS)

It is not clear whether the addition of GEMS will ultimately be considered a plus or a minus for
PRISM. They will add significant negative reactivity (leakage) when the pumps slow or stop, and are
therefore helpful to the survival of postulated unserammed loss-of flow events (ULOFs). They also insert
reactisity when the pumps are st;rted. However, for the previous design, GE and ANL believed the
passive shutdown could work sutticiently well without GEMS. Newer fuel and design ir, formation
indicated that the GEMS might be needed in order to survive a ULOF, and the GEMS were added to the

design. As with any " gadget", there is always the possibility that they will not always perform as
expected, so their addition to PRISM might trigger some new accident initiators and/or complications.
It is even possible that the GEMS might actually increase the overad rist even though they are currently
required for the passive shutdown to work well for the ULOF event.

4.18.1.4 Ultimate Shutdown System (USS)

He addition of the USS should reduce the risk, particularly regarding unserammed esents. Of
course, there are some questions regarding performance of the USS, but we are hopeful that these can
be resolved without much difficulty. Our previously stated concerns regarding the adequacy of the
passive shutdown mechanism as a "second and diverse means of reactor shutdown" are now largely
resolved, particularly for the long. slow events that allow time for the USS to shut the reactor down (a
minute or longer).
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4.181.5 The Control Rod Stops

Previously, claims by GE and ANL that the burnup reactivity swing could be limited to a few
cents were regarded skeptically, although we were willing to perform our UTOP analyses based on the
claim. After some more daia were added and more detailed analyses were performed, the designers
determined that a burnup reactivity swing in excess of $1 was to be anticipated. As the passive shutdown
is adequate for only v. 30 to 40c reactivity insertion, the applicant was forced to add the rod stops, which
can be adjusted occasionally to assure that the maximum UTOP initiator is small enough to allow the
passive response to function properly. The pml to use rod stops to prevent a larger UTOP increases
risk, although their incorporation in the design at this early stage is probably prudent.

4.18.1.6 Designing to Accommodate llCDAs

This is potentially an important reducer of risk, as this class of accidents couhl have rapid and
possinly severe consequences. If the PRIShi system could indeed withstand a worst-case HCDA and
maintain structural integrity, the likelihooJ of early fatalities from any postulated a:cidents would be very
small. Our primary reservation here is that the data for "prefailure" (before the reactor fails) extrusion
of the metal fuel is very limited, so the size of potenti 1 HCDAs is not well known. In aJdition, there1

now appears to be the possibility of the solidus tempetature being exceeded in the center of the core but
not new the top of the core, w hich could preclude the extrusion from occurring as is required to terminate
an HCDA event. However, the analyses discussed in Referen:e 9 suggests the energy release in a metal
fuel HCDA would be signifkantly less than the 500 hU currently assumcd by the applicant, suggesting
the PRIShi system could survive a large HCDA event,

4.18.1.7 Designing to Accommodate Core hicitdown

GE's modifications to the lowet core sur port structure may make safe accommodation of a whole
core meltdown within the lower ret; ion of the vessel more likely, and thus decrease risk somewhat.
However, there appear to be shortcomings. For one thing, the core must move from the normal
con 6guration and transition to the support region without achieving reeriticality. Also, the cooling mode
for the vesse! would be via the RVACS, primarily. However, most scenarios resulting in core melt
involve failure of the RVACS, so it seems unlikely that the RVACS would be available to cool the molten

core. Therefore, this design mcdification may reduce the risk somewhat, but the improvement may not
be quite as signi6 cant as it Grst appears to be.

4.18.1.8 The Containment Dome

The addition o' a containment dome makes PRISh! more closely resemble a conventional U.S.
power reactor, but ths 'verall reduction in risk is probably far less than one gets from a LWR
containment. This is due : unarily to the capability to retain fission products in either the molten fuel
or the sodium pool, which su ' educe the type and amount of radionuclides rea:hing the containment
atmosphere during an accident. Howca. the dome is helpful for mitigating sodium Gres and delaying
the release of Ession products in a worst case accidem.

4.18.2 Sensitivity Studies

The original PRISh1 PRA contained some failure probabilities that were difficult to justify. For
example, failure rates for the scram system in the range of I in a billion, and for RVACS in the range
of 1 in a trillion, were inappropriate. These are well designed systems that should have low failure rates,
but no system is completely fool-proof.
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Our concerns regarding these assumed failure rates were discussed with the appheant on multiple
occasions. We were encouraged when their PRA experts inJicated their ir1 tent to revise the PRISM PR A.
However, the materials ineladed in the latter part of Appendix G.4.18 indicate that there remain seme
philosophical differenees. In particular, some of the extremely low assumed failure rates may have
distoned the basis for the sensitivity studies.

One can dtve'op a f airly simple summary PRA based upon three major factors: reactor

shutdown, shutdown heat removal, and retention of fission products. The two sptems that stand out are
the scram system and the RY ACS. Of slightly less importance are the passive (" inherent *) reactor
shutdow n, the USS, the alternate heat removal systems (normal and ACS), and the tendency of the fission

products to remain in either the molten fuel or the sodium pool. To some degree, statements by the
applicant are fairly consistent with these estimates. liowever, with such large un;crtainties regarding the
failure probabilities of key systems, it could be a mistate to focus too closely on the ' bottom line" risk
estimate:

Key issues! Concerns in Section 4.18
_

The reliabilities for passive sptems, such as RV AC' 1 not known and could vary by several
a

orders of magnitude depending on the evoluator.

For such new and radictlly different designs, the PRA will ine!ude many numbers that can not*

be adequately supported by test data er operational experience. Estimates of core damage
frequencies and large release probabilities could be otf by two or three orders of magnitude.
Further, even sensitivity studies could contain erron large enough to distort the results. .

5

4.19 Mitigation of Severe Core Accidents

While not really in response to any single safety and/or licensing issue in the SER [Ref. 21, this
section addres.ses a broader concern that was expressed in several meetings and alluded to in several

places in the SER. Prior to receiving this feedba;k, GE along with DOE and ANL, felt that by providing
a strong case in support of their contention that severe accidents can be presented in a metal-fueled
PRISM reactor, they could avoid devoting scarce resources to acciJent mitigation. However, there were
two problems with this approach: uncertainties and recent history. With resput to the uncertamties, the
rnetal fuel seems to have some genuine safety advantages, but ANL's knowledge of the fuel is largely
empirical, i.e,, they know how it behaves because they have observed it in experiments. The problem

-

is that there is little data available on the 26% Pu ternary metal fuel designated for PRISM, and the data
on lesser-Pu ternary fuel is somewhat different than they expected based on the uranium metal fuel With
respect to recent history, based on a few complicated accidents that have developed in the last ten to
twelve years, including two that were quite severe, the nuclear safety commtmity has become more
committed to providing accident mitigation capabilities, in order to respond to "what if. * questions.

Upan receiving considerable feedback regarding the desirabihty of providing a strong accident
mitigation capability, GE, ANL, and DOE are now making an effort to strengthen the design in this
regard. They have added a containment dome to PRISM, and are working to show some increased
capability for accident mitigation. However, some key portions of the required data base have never been
developed, and can not be developed quickly.

The bulk of Appendix G.4.19 covers two analytical effort.s that attempt to use simple engmeeting
prinapals to show that two worst case scenario 3 may not be as damaging as one might assume. This
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work reflects some degree of ingenuity, and provides some helpful reassurance, although there are
currently no guarantees that the results are correct. We consider these analyses in the order they appear
in Appendix G.

4.19.1 Impact of HCDA on PRIShi Vessel and Structures

it is assumed that the analysis that was performed to assess the magnitude of possible power
excursions in FFTF, which uses oxide fuel, could be used to estimate an upper bound on the maximum
excursion that could develop in PRIShl. The ramp rates, which were in excess of $100/second, and the
energy release, which ran a few hundred rnegajoules, are quite high and could be considered
conservative at least for the FFTF oxide core. The analysis presented in Reference 9 suggests that the
energy release from a metal core should be smaller than that from an oxide core, for reactivity insertions
above $100!second nus, it seems highly probable the 500 MJ from the FFTF case would bound a
PRISM HCDA.

The Appendix G analysis indicates that the PRISM vessel and structures could likely absorb the
-__

large energy release predicted for FFTF. Our independent estimates tend to con 0rm this, i.e., the large
HCDA postulated for FFTP could probably be accommodated in PRISM without large scale failures
resulting. However, the structural calculations don't include any radiatiominduced embrittlement that
might develop. One example would be the core barrel, which will see increased Quence in the sectors
directly out from the 3 GEMS, and could undergo embrittlanent as a result.

Gondue ns/ Recommendations

Since the projected FFTF HCDA energy release estimate may well bound that expected for
PRISM, it is entirely possible PRISM could survive such an event without catastrophic failure of the
vessels or key structures.

4.19.2 Analysis of Molten Core on Support Plate

Because a sodium cooled reactor is not designed to operate in its most reactive conHguration, any
fuel relocation could well result in a significantly supercritical mass. As a result, a molten metal fuel
core would be very dif6 cult to predict. It is possible that the fuel could gradually relocate and -

accumulate down on the core support plate, and that is the condition that GE/ANL chose to analyze.

The analysts considered four scenarios, including relocation of the active fuel alone, the active
fuel and its cladding, the fuel and blanket materials (with cladding), and virtually the entire core. They
do not specifically mention any sodium, although some experiments indica:e that molten metal fuel is very
porous and would certainly contain a considerable amount of sodium. They then estimated the infinite
neutron multiplier, k-infinity, for each of the four compositions. The first two composites, i.e., materials
coming only from the active fuel region, have k-infinities in the range of 1.9. While this is quite nigh,
there is a great deal of fissile plutonium in the PRISM active fuel, and a k-infinity even higher than 1.9
may be possible The remainder of the analysis involves geometric considerations, assuming the melt
spreads evenly on the core support plate, and involves estimating critical heights that would have to be
attained before k-effective reached 1.0. It turns out that the critical height can not be reached for each
of the four composites, due largely to the degree of spreading on the support plate. GE also points out
that if there existed a real hazard of achieving a critical mass on the plate that they could arid neutron
poisons to the region-just in case.

1
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In response to questions regarding the transition phase, the applicant analyzed a case where the
tuel assemblies melted and the fuel then accumulated in the lower shields. Using some ' worst case
assumptions, the applicant predicted a maximum k effective cf 1.28. In response, the applicant showed
that by using some natural B C in the region, the maximum k-effective could be pushed sub-critical.4

llaving determined that the mass lying on the core support would most likely be suberitical, GE
proceeded to analyze the long term heat removal and materlais damage. Presumably they have assumed|

porous fuel with sodium in the pores, although this is not specifically stated. GE does include some
analysis of the damage to the core support structure due to the prolonged exposure to the fuel, and states
that they had to add a 2-inch backup plate to compensate.

There is an apparent flaw in this analysis. A key factor in some of the scenarios that could result
in core melts is failure of RVACS to remove the after heat. liowever, the applicant is assuming that
when the molten core is settled on the core support structure the heat is going to be removed via the
RVACS (this is implied by Figure G.4.19-11, anyway). This points to a possible weakness in the PRISM
containment des.gn, i.e., if the cooling systems that are there to prevent core melt fail, it may not be -

possible to cool the contair. ment vcssel, so the containment may fail also.
p

Key issues / Concerns in Section 4.19

The applicant's arguments that the 11CDA energy release calculated for FFTF bounds the IICDA*

release for PRISM has merit. it appears possible that a large liCDA could be accommodated
e

within the PRISM vessel and head region.

ne applicant * analysis showing subcriticality of a molten core when distributed on the below-*

core support plate is useful.110 wever, there is great uncertainty involved with the process of
relocating the fuel from the original core to the support plate.
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5. SUMM ARY AND CONCLUMONS

The recent design revisions, made largely in response to NRC concerns, have been quite
signi0eant and have changed some of our perceptions regarding the safety of this design. The increase
in reactor power (for economic reasons) tuay have reJuced some safety margins, and the switch to a
single-wall-tube helical coil steam generator may increase the likelihood of a tube leak and a sodium-
water reaction (note: this steam generator design also has good accident mitigation capabilities). Addition
of the Ultimate Shutdown System (USS) and the containment dome are bdieved to be signineant safety

Modifications to the below-core struetare, the seismic design (especially regarding theimprovements.
placements of the synchronous machines), and the IllTS Auxiliary Cooling System (ACS) are also
considered to be substantial improvements. Some changes were also required to compensate for a more
current assessment of the ternary metal fuel. These changes include a reactor redesign, and the addition
of the GEMS and the control rod stop system. Our current assessment is that these three changes were
necessary, and that most of the apparent shortcomings in these revisions can be reduced with time.;

Our overall evaluation of these changes is that the PRISM system design has been improved, but _

that a more detailed evaluation sf the ternary metal fuel has tevealed some significant problems. It must
be recognized that the ANL experience with the high Pu (26.5%) ternary metal fuel has been quite
limited, and that some problems should have been espected. Given time, it seems likely that ANL will
resolve some of the current questions about pluton'.um migration and low cutectie temperatures.

The research and development program outlined by GE covers many of the higher priority needs,
anJ indudes some indications that there will be increased emphasis on examining factors imponant to
accident mitigation. It is clear that most of the R&D support will be in the metal fuels area, particularly
a fuel cycle facility (HFEF/ South) and further testing in EBR-IL Part of this work willlikely examine
the impact of factoring minor actinides into the ternary fuel, which should take place if LWR spent fuel
is to be used to produce the initial fuelloading for PRISM. If the only minor actinide feed for PRISM
is that which comes along with LWR spent fuel plutonium, the impact on core physics parameters may
well be acceptable. (However, a special purpose machine having more minor actinides than uranium and
plutonium would have some signincant reactivi:3 problems and would bear little resemblance to PRISM).

Although GE did not discuss their planned R&D into key severe accident issues, such as rapid
axial expelsion and the behavior of molten metal fuel in sodium pools, it is clear that they, along with
DOE and ANL, plan to increase the efforts in these at eas. We recognue the diftkulty in developing such

.

data, and would not expect to see major results in the near term.

The bulk of GE's Appendix G (Reference 1) is addressed to 19 " Safety Issues', as interpreted

by GE from the draft SER (Reference 2). Our evaluation of these reganses follow.

[2Dtalum&1

The PRISM reactor system is very different from light water reactors (LWRs), so one has quite
diffennt design objectives. With respect to a possible sadium Bre esent, analysis indicates the current
watainment design should properly contain a worst-ease sodium pool Gre. Our principal concern
regarding the PRISM containment is that Ley data for metal fuel behavior during severe accident is
unavailable, so it is very difGcult to chara terne the potential challenges to the containment.
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| - The Shutdown System

!
|

Because of the large positive sodium reactivity worth, and despite the passive reactor shutdown
characteristic, the reactor shutdown system is one of the most import * { safety systems in PRISM. The
main shutdown system, based on six mostly independent control rod sub-systems, appears to be highly
reliable and redundant. However, the recent addition of the Ultimate Shutdown System adds an alternate
shutdown system and thereby largely addresses our previous concern. With respect to the Control Rod
Stop System, we recognize the need for such a system. However, the applicant may have to do more
design development work before one can fully assess this system,

60-Year Plant Life

This is an issue that is addressed primarily by the NRC staff. We do not know of any technical
reasons that might preclude a 60-year life, assuming that key components are replaced by the end of their
useful lifetimes (e.g., the pumps).

Seismic IsolE2E5

The PRISM seismic isolators are relatively simple devices which provide a significant degree of
horizontal isolation, and are especially helpful for the tall and narrow PRISM system. Our main concern
is with respect to data and experience, which will undoubtedly come with time.

Sodium Void

GE and ANL are making progress in trying to address our concerns regarding the large positive
sodium void reactivity worth. Clearly, no one wants this design characteristic, but the options for
eliminating it are limited and have undesirable impacts on other design characteristics. GE's stated
response has three components. First, the chances of the sodium boiling are very small (we concur).
Second, if the sodium boils the resultant HCDA could probably be absorbed without catastrophic results
(could be true). Third, their most viable options for reducing the sodium void worth, using the metal
fuel, is to " spoil" the geometry so as to increase neutron leakage and the " increased leakage" component
of the sodium voiding reactivity feedback. Unfortunately, this increases the burnup reactivity swing, and
therefore the potential size of the UTOP initiator.

fjow Blockacts

The most credible scenario for a flow blockage seems to be through a manufacturing error, e.g.,
when someone fails to drill the holes. This should be spotted before the assembly is loaded, and should
be quite obvious at low power testing - assuming the assembly is actually loaded.

Electromacnetic (EhD Pumps

The EM pumps are complex and lack an inherent coastdown mechanism, which is a disadvantage
with respect to PRISM safety. However, these pumps apparently provide some real advantages in the
operation of PRISM, at least in the opinion of the applicant. The addition of GEMS to the reactor system
design has reduced our concerns significantly, as a loss in pumping will result in a quick redaction in
reactivity and therefore reactor power. On balance, we are more inclined to accept the EM pumps thm
we were previously, but would be more comfortable with a pump which has an inherent inertia.
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Sodtum/ Water ReactimtPressure Re]ief System (SWRPRS)

By switching from the straight double-tube-wall steam generator (like EBR-II) to the helical-coil
single-tube-wall steam generator, GE has probably increased the likelihood of a tube rupture but has also
improved the capability to deal with such an event. The main objective is to prevent any damage to the

J on hoth anIHX, and we believe the revised SWRPRS is very likely to pres ent any such damage, k
active (isolation valves) and a passive (rupture disks plus carefully chosen piping elevations) sub-system.

REtor Vessel Auxijlaty ContinglySkm (RV ACS)

RVACS is one of the most important safety systems in the PRISM design and is v2ry dif6 cult
to defeat. Our calculations have consistently confirmed those submitted by the applicant, and we feel that
this is an excellent decay heat removal system. It is dif6eult to develop any reasonable faib
probabilities for this system, and we suspect a massive seismic event may be the dominant contributh
There is a very subtle failure mode that may eventually prevail for this and other passive systems. This
is based ou system degradation coupled with a primary failure, e.g., the reactor vessel leaks and the heat
transfer surfaces are fouled. Of course, this type of failure mode may be very low, say around once in
a million reactor years, but this could be the dominant mode for a system that is very highly failure

resistant.

Control R.ggs

in comparison to the current generation of nuclear pov.er plants, the PRISM safety systems are
largely passive and require almost no operator actions. GE feels that the amount of information provided
to the operator and the degree of protection provided for the operator can be decreased somewhat.
However, there are a few isolated cases where the operator could be very important, so it is difGeult ta
accept GE's position. Our current perception of the PRISM system safety is that the operator must have
an assured capability to scram the system and enough instrumentation to recognize the need to scram.

Emercency Prep 2rrdness

Because of the various safety characteristics of the PRISM design, GE feels that detailed
It is true thatemergency evacuation planning and the testing of that plan is an unnecessary burden.

severe accidents appear a be very unlikely, according to current PRA estimates. On the other hand, the
accident mitigation capabilities are very limited, and rely largely on characteristics such as rapid fuel ~

extrusion during HCDAs and fission production retention during core melts. Unfortunately, the
supporting data bases in these " severe secident" areas are very limited. Until these phenomena are better
understood and documented, it will be dif6: ult to assess the need for detailed emergency evacuation

planning.

Role of Ooerator

It is apparent that the PRISM operators would play a greatly diminished safety role in comparison
to those currently operating light water reacters (LWRs). This is a major advantage for this design.
However, they will still have some safety responsibilities, including activating the USS if the primary
scram system fails and identifying any manufacturing defects in flow assemblies before poing to full

Therefore, while the PRISM operators should not be as crucial to safety as those operatingpower.
LWRs, there will be cases where they must fulfill a safety function.
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hhilti4kWe Control

A nine-module PRISM plant should be controlled by a state-of-the art digital control system. The
technology is available or can be readily developed, and we do not see this as an excessively challenging
endeavor. However, the size and complexity of such a system would make quality assurance and/or
independent assessment a very formidable task. The more practical approach would be to determine that
the reactor is suf0ciently well protected by the Reactor Protection System (RPS) and by the passive
response characteristics, such that errors generated by the control system would not be damaging. This
is not likely to be quite as difGeult as it sounds, as we are already assuming that several limiting cases
will occur, and the PRISM system response has pencrally been within acceptable limits.

Security

This issue has been handled primarily by the NRC staff, and we have already provided input
regarding this issue.

Prototype Tests

We consider the prototype testing of the first PRISM module to be essential, particularly with
respect to the passive shutdown response. Early and committed participation by the NRC staff should
be an essential component of a successful test program.

GE's desire to substitute an air 4 ump heat exchanger for the steam generator and sodium water
reaction protection relief system makes sense economically. The prototype v auld be much cheaper
without these large and complex systems, and the impact on the test program would be very modest.
However, some testing of these systems would be necessary, perhaps using some separate facilities.

Sit dLAnalysesf

Several postulated events were analyzed using independent codes, such as SSC and MINET. In
most cases, we could duplicate GE's calculations, and we feel we understand most of the differences in
our predictions.

Generally speaking, the PRISM RVACS has consisten:ly stood up to close scrutiny, and we
-

believe this is a very robust sptem. It is ditticult to adequately factor this system into a PRA, because
most failure modes are barely cedible. We suspect the most plausible failure mode may be a single
failare (blockage of one duct or a 16 in the reactor vessel, for example) in combination with previously
unnoticed degradation in some key performance parameters. While this combination may be unlikely,
it may be more likely than either a double vessel failure or the complete blockage of all four air ducts.

The situation regarding the passive reactor shutdown is far more complex, especially since the
flow of data for ternary metal fuel has only recently begtm. We are hopeful that ANL will eventually
obtain the performance that is required, even should a few adjustments in the fuel composition or density
be required. However, we do have to express our reservations in this regard, as the ternary metal fuel
behavior appears to be very complex and there is evidence of come undesirable redistribution of the
uranium, zirconium, und perhaps the plutonium components.

The greatest challenge, at the moment, appears to be the unprotected transient-over-power
(UTOP) event, which boosts fuel centerline temperatures. We believe that a 400 initiator may be too
large, given our current knowledge of the ternary fuel, and think that GE may need to adjust the rod
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stops more frequently r.o as to reduce the largest TOP initiator into the 30c tange GE clearly has some
options in this area, so it seems wise to withhold judgenent until GE proposes design changes to
compensate.

,

Because of the GEhis, the passive shutdown now appears to work much better for the ULOF
eeents. As long as there is at least a partial coastdown provided by the synchronous ma:hines, we think
PRISh1 would survive the ULOF category evenit'

The PRIShi passive shutdown has always appeared to perform well for the ULOllS events, and
no'.hing has changed significantly with the revised design. If there are problems here, they will develop,

only if the event continues for a long time, and the addition of the USS makes this very unlikely.

The main problem with the noa-TOP unserammed events is at the fuel-cladding interface. ANL
seems connde t that the rate of cuteetic formation at the temperatures experienced during the unscrammed
events is very slow, so minimal damage is to b: expected. Ilowever, the behavior of the ternary metal
fuel is very complex, and turther experimemal data will be needed before one can conclude that the
cladding damage is minimal.

EitianJildam

The PRISM system was designed to respor,sd passively to a station blackout event, and we believe
su;h an event would pose little threat to the PRISh1 reactor.

Eid MM51rntnl

Because of the assorted passive systems, which are very unlikely to fail, it is very difficult to
develop a credible PRA for PRIShi We believe the applicant's PRA experts are trying to accurately

'

assess the PRIShi system, but we caution restraint in the interpretation of results from the PRA. Further, ,

the severt. accident portion of the PRA is weakened by a la:L of experimental data in key areas, such as

HCDAs and molten metal fuel

biitiration of Severe Core Agidgnu

Substantial gaps in the data base make analysis of severe a:cidents with metal fuel difficult.
Having recognized the need to provide some evaluation of the PRiShi system response to postulated core-
melt and HCDA events, GE has provided some interesting " engineering judgement" as to the most likely
outcome of such events. In general, most of these arguments are thought to be plausible, and it seems
likely that the metal fuel would probably behave at least as well as oxide fuel under the postulated
conditions,

in conclusion, many of the PRIShi reactor system changes must be considered improvements,and
some of the previous safety concerns have been addressed. The increase in the reactor power production
may have reduced some 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
th::re are some clear advantages to using the metal fuel, and ANL seems very confident that any
remaining technica! problems can be resolved. Until more work has been completed on the ternary metal
fuel, one can only say that the metal fuel has the potenti Q to be an excellent fuel in a liquid-metal cooled1

reactor.
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10 suPPLEYENTARY NOTES

Analyses of the 1990 version of the PRISM Advanced Liquid Metal Reactor (ALMR)
11. A85T RAct (No ecnt. or mul

design are presented and discussed. Most of the calculations were performed usingIn many cases, independent BNL
ENL computer codes, particularly SSC and MINET. analyses presented by General Electric when theycalculations were compared against
submitted the PRISM design revisions for evaluation by the Nuclear Regulatory
Commission (NRC). fuel developed by Argonne National -

The current PRISM design utilizes the metallic shutdown mechanism that actsLaboratory (ANL) which f acilitates the passive /" inherent" There are a few
to shut down reactor power production whenever the system overheats.
vulnerabilties in the passive shutdown, with the most worrisome being the positiveVarious postulated
feedback from sodium density decreases or sodium voiding.
unscrammed events were examined by GE and/or BNL, and much of the analysis discussed

is focussed on this category of events.
the BNL cvaluations confirm the information submitted byin this report

.

The principal areas of concern are related to the performance of
For the most part,

l tGene '1 Electric.
the ternary metal fuel, and may be resolved as A'iL continues with its fuel deve opmen
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