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ABSTRACT

Independent Safety Analyses of the DOE sponsored Advanced Liquid Metal
Reactor (LMR) Concepts: PRISM and SAFR, performed at BNL between 1986 and
1988, are reposteds In wost cases, BNL calculational results were very simi-
lar to those provided by Genera. Electric (GE) for PRISM and the Rockwell
International (R1)/Argonne National Laboratory (ANL) team for SAFR., Two key
features of these designs are the inherent reactor "shutdown" (transition to
low power in response to high temperatures) and passive shutdown heat removal
(natural draft air cooling of the reactor vessel).

There are two key factors in the inherent shutdown, the reactivity feed-
back parareters and the projected reactor response during postulated un-
scrammed transients, Reactivity feedback parameters provided by the GE and
RI/ANL teams were utilized in the BNL calculations, after some comparative
studies and simplified calculations ¢ mfirmed that the supplied parameters
were at least approximately ceorrect., Independent computer analyses of the un~
scrammed response to various challenges yielded results that were very siwmilar
to those submitted for both designs, and indicated that the inherent shutdown
should work for many postulated events. However, for the loss-of-flow (LOF)
events, there are some very low probability events where the safety muargins
are minimal, given that the positive sodium void worth makes sodium boiling
highly undesirable.

The passive shutdown heat removal was also considered in two components.
Performance of the air cooled vessel system, designated RVACS for PRISM and
RACS for SAFR, indicated that these systems should perform at least as well as
the vendors are projecting, and that these systems are highly fault tolerant =
particularly with respect to partial blockages of the air flow pathways.
Analyses of the long term heat-up events, with and without operation of RACS
or RVACS, indicated that the large heat capacities of these systems sssures
long, slow heat-up events that would allow time to partially unblock the air
flow pathways if necessary.
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EXECUTIVE SUMMARY

In support of the Uy §, Nuclear Regulatory Commission (NRC), Brookhaven
National Laboratory (BNL) has performed independent analyses of two advanced
Liquid Metal Reactor (LMR) concepts. The designs, sponsored by the U, §, De-
partment of Energy (DUE), the Fower Reactor Inherently Safe Module (PRISM)
[Berglund, 1987) and the Sodium Advanced Fast Reactor (SAFR) [Baumeister,
1987), were developed primarily by Genersl Electric (GE) and Rockwell Inter~
national (R1), respectively. Technical support was providea to DOE, R1, and
GE, by the Argonne National Laboratory (ANL), particularly with respect to the
characteristics of the metal fuels.

There are several examples in both PRISM and SAFR where inherent or pas~
sive systems provide for a safe response to off-normal conditions. This is in
contrast to the engineered safety systems utilized on current U, S. Light
Water Reactor (LWR) designs,

One important design inherency in the LMRe is the "inherent shutdown",
which refers to the tendency of the resctor to transition to a much lower
power level whenever temperatures rise significantly, This type of behavior
was demonstrated in a seriee of unscrammed tests at EBR-11 [N,E,D,, 1986],
The second key design feature is the passive air cooling of the vessel to re~
move decay heat. These systems, designated RVACS in PRISM and RACS in SAFR,
always operate, and are believed to be able to prevent core damage in the
event that no other means of heat removal is availabdle,

Our effort was focused mainly t> confirm the inherent reactor shutdown
and the passive shutdown heat removal for two major reasons. First, these are
the new design features that set these designs apart from more conventional
1iquid metal cooled reactors, such as Phenix, SNR-300, CRBR, MONJU, and the
Soviet breeder reactors., Second, if both the inherent shutdown and the pas-
sive shutdown heat removal were absclutely reliable, and therefore infallible,
then one would have to conclude that a core melt would be nearly impossible.

For this initial evaluation of these preliminary designs, using computer
codes that were not ideally suited for the PRISM and SAFR reactors and coolant
systems, we attempted to resolve the key technical issues., These efforts are
briefly summarized below.

Reactivity Feedbacks

Using several detailed teutronics codes, ANL (both designs) and GE (for
PRISM only) were able to evaluate key reactivity feedhacks for PRISM and
SAFR, We compared the feedback parameters against those for similar designs,
and we also made two simple calculations to estimate some of these feedbacks.
Our comparison with other reactor designs indicated that ANL's (and GE's)
estimates were in line #ith the feedbacks for other reactors., However, we
also noted the EBR-11 is the more unusual core, as it has a very small Doppier
feedback and a strongly negative sodium void worth, Thus, extrapolation from
the tiny EBR-11 core is not a trivial process. Regarding our estimates of the
reactivity feedback parameters for the radial expansion feedback, we found our
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estimate using "Fermi-Age Tneory™ to be very close to that provided for PRISM
and SAFR,

We have thus concluded that estimates of the resctivity feedback parame=
ters for PRISM and SAFR are probably reasonahly accurate, However, we are
cautious about the uncertainties in these feedbucks and believe that the mar~
gins for the inherent shutdown must be large at this time in order to compen-
sate for these uncertainties.

Irensient Modele

The LMR licensing codes developed at ENL for the NRC were developed dur-
ing the development of the CRBRP, As SAFR and PRISM have features that were
not envisioned at that time, our principal computer code, 88C, needed consi4~
erable modifications. Circumstances permitted only the most crucial program-
ming changes to be completed for this review, and further changes will be
needed for safety and licensing evaluation of the revised PRISM design.

The SSC reactor model was adjusted to model the metal fuel reactivity
feedbacks and provided a reasonably good capability to model the inherent
shutdown, However, we could not represent some features of the primary
"loop", particularly the RACS/RVACS overflow. 'hus, we limited the S8C calcu~
lations to the first few minutes of the unscrammed transients.

In order to model the complexities of the primary system flow network, we
used one of our more versatile codes, MINET, However, the MINET reactor model
is not sophisticated enough to analyze the inherent shutdown., Further, parts
of the RACS/RVACS system performance required the use of another code, PASCOL,

As a resuit of these circumstances, confirmation of the transient perfor-
mance of the PRISM and SAFR systems required some degree of ingenuity. How-
ever, our calculations, taken altogether, confirm most of the analyses provid-
ed by the design teams,

PR1SM Unscrammed Events

Our S8C calculatione for the three major unscrammed events, including
loss-of~heat sink (LOHS), loss of flow (LOF), and transient over power (TOP),
were very similar to those submitted by GE., Safety margins appear to be sig-
nificant for all three events, with the unscrammed LOF having the s~allest
margins, Three related unscrammed events were also analyzed, including a pipe
break, a TOP/LOF combination, and an LOF missing one (of four) pump coast=
down. The pine break, which results in a flow short-circuit rather than a
loss of sodium inventory, is e ightly worse than an instantareous stoppage of
one of the pumps and results in a rapid power reduction (the inherent shut~-
down) and appears to be largely benign, The combined TOP/LOF is less likely
than either a TOF or an LOF, #nd has smaller safety margins than either.

The margin for the unscrammed LOF missing one pump coastdown is nearly zero.
As the chance of losing one of the coastdowns, which are provided for the
electromagnetic (EM) pumps by the synchronous machines, has to be significant,
it would be prudent for GE to Aesign to better accommodate this event, i.e.,
to ride out an unscrammed LOF on three pump coastdowns,
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For the three basic unscrammed cvents, i.,e.,, the LOHS, LOF, and TOP
events, our S8C calculational results were similar to those provided by ANL
for RI/SAFR, The only problem here was that the ANL calculations show control
rod drive line expansion that is very quick, and this helps their calculated
safety margine. To get this quick expansion of the control rod drive lines,
R1 must design the structures above the core so as to direct hot core outlet
sodium along the drive lines. For our calculations, we assumed that this is
achievable, although we have some reservations, Note ilso that having the in-
herent shutdown rely partly on freely moving contrcl rods leaves a potential
common mode failure, 1.e., stuck rods could prevent scram and reduce inherent
"shutdown" effectiveness,

While the SSC results werc similar to those submitted bv ANL, as long as
the enhanced control rod drive line expansion was utilized, these calculations
consistently showed somewhat smaller safety margins for SAFR than for PRISM,
This traces directly to Rl's desire to run SAFP significantly hotter than
PRISM in order to use a superheated steam cycle and achieve higher thermal
efficiency (40% versus 32%). Should GE decide to convert PRISM to use a
superheated steam cycle, we would expect their safety margins to shrink
accordingly.

In additiorn to the three basic unscrammed events, we looked at two varia-
tions - a 20 cent TOP combined with an LOF and a pump seizure (one of two cen~
trifugal pumps)., The safety margins for the 20 TOP/LOF were not large for
SAFR, and would be smaller for a 35 TOP/LOF (note: 20 is based on large
seismic event, whereas 35 represents maximum control rod withdrawal worth).
However, Rl plans to design their contro. systems to prevent pump trip until
scram has been achieved (rather than just a scram signal generated),

For the pump selzure event, it was determined that the rapid reduction in
reactor flow rate could be accommodated inhereatly &s long as the other pump
coitinued to function, However, the other pump should see a surge in flow (25
to 30%), and cavitation may be anticipated., Eventually, the second pump would
fail, and the delay becomes a very important parameter - the longei, the
better. A related concern is that pump seizires are actually more likely dur~
ing a coastdown, sc Rl may have had to design to survive the ULOF with only
one coastdown (if DOE had continued funding SAFR development).

Evaluation of RACS/RVACS Performance

In order to assess the passive cooling system, we adapted the PASCOL
code, which we developed to model the comparable system in the Modular High
Temperature Gas Reactor (MHTGR), which is designated the RCCS. We specified
the reactor vessel temperature and calculated the natural draft air flow, and
the various heat transfer processec. Using conservative parameters, we were
able to match the performance predictions made by both GE and RI/ANL., Param-
etric cases showed excellent fault tolerance, particularly with regard to par-
tial blockag:s of the air flow passages. In short, performance of the PRISM
RVACS and SAFR RACS should be at least as good as projected, and the problems
associated with partial blockages appear to be minimal,
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Events - $i Mode

One advantage of pool type LMRs, particularly {f metal fuel is used, is
thet the high heat capacity, high thermal conductivity system can survive a
fairly lengthy heat up event, i.e.,, & total loss of heat renoval., This can be
demonstrated using simple hand calculations, These hand calculations gave re-
sults that were quite similar tu those provided by OE and RI/ANL, for cases
with and without functioning air-cooled vessel systems., I1f the air flow is
totally blocked, mony hours are available to unblock the air flow pathways, or
conceivably to arrange for an ad~hoc evacuation,

MINET Caleculations of Long LOHS Events

A computer code calculation of a postulated LOHS, with RVACS cooling
only, was performed using MINET., Results were very sinflar to those provided
by CE, particularly during the first day of transient time., Both code calcu~
lations indicated that the sodium spillover that increasss RVACS performance
occurs about 5 1/2 hours into the event.

Summary

Most of the key calculations submitted by the SAFR and PRISM design teams
were independently verified and/or replicated. While the inherent "shutdown"
appears to work for key postuated events, some variant cases were identified
as posing significant safety concerns = in that the inherent shutdown safety
margins would be too emall, The passive means of shutdown cooling, using RACS
or RVACS, appears to be an excellent approach, as the performance is projected
to be good and the reliability should be very high,
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I+« INTRODUCTION

In support of the U.S, Nuclear Regulatory commission (NRC), Brookhaven
National Laboratory (BNL) has performed indecpendent analyses of two advanced
Liquid Metal Reactor (LMR) concepts. The designs, sponsored by the U.S, De-
partnent of Energy (DOE), the Power Reactor Inherently Safe Module (PRISM)
[Berziund, 19¢7) and the Jodium Advanced Fast Reactor (SAFR) [Baumeister,
l!l?}. wers developed primarily by General Electric (GE) and Rockwell Inter-
national (R1), respectively., Technical eupport was provided to DOE, RI, and
GE, by the Argonne National Laboratory (ANL), particularly with respect to the
characteristics of the wmetal fuels.

There are several examples in both PRISM and SAFR where inherent or pas-
sive systems provide for a safe response to off-normal conditions. This is in
contrast to the engineered safety systeus utilized on current U.S. Light Water
Reactor (LWR) designs.

One important design inherency in the LMRs is the "inherent shutdown",
which refers to the tendency of the reactor to transition to a much lower
power level whenever temperatures rise significantly. This type of behav.ior
was demonstrated in a series of unscrammed tests at EBR-1I [N.E.D., 1986].,

The second key design feature is the passive air cooling of the vessel to
remove decay heat. These systems, designated RVACS in PRISM and RACS in SAFR,
alway« operate and are believed to be able to prevent core damage in the event
that no other means of heat removal is available.

PRISM

The advanced LMR design proposed by GE is a 1245 MWe PRISM plant, 1t is
composed of nine reactor modules arranged in three identical 415 MWe power
blocks. Each power block hae three identical reactor modules that jointly
supply steam to a single turbinc generator, There is one steam generator for
each reactor wodule. The steam generator is a recirculating type with a
separate steam drum from which dry, saturated steam is piped to a common tur-
bine header, from the three parallel steam generator blocks, and then to the
power block turbine.

Figure | shows the reactor module internals, located below grade in a
silo. The reactor module consists of the containment vessel, reactor vessel
and its internals, reactor closure and rotatable plug, intermediate heat ex-
changers (IHX), electromagnetic (EM) pumps, control rod drives (CRD), in-ves-
sel transfer machine (IVTM), and module support structures. The two IHXs and
four EM pumps are suspended from the reactor closure, and six control rod
drives (CRD), the UlS and an in-vessel fuel transfer machine (IVTM) are sus=-
pended from the rotable plug.

Primary system sodium is circulated througn the core and the shell side
of the IHXs by the EM pumps., The heat generated in the core is transferred to
the intermediate sodium that flows inside the IHX tubes.

The PRISM reactor utilizes the ternary Pu-U-Zr metal fuel, with HT9 clad-
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ding., The core restraint system is designed to alter the natural bowiay feed-
back 80 “he reactivity feedback contribution is generally small and negative.
This ‘« achieved by using the limited bowing restraint system.

AR

SAFR i . modular power system (see Figure 2) usi-r . 900 MWt reactor to
generate supechected steam “hich drives a 350 MWe turbine, Four modules (or
Power Paks) combine to make a standard SAFR plant of 140C Mwe. Each power pak
uses fou HXs which a‘e paired to transfer heat to two stea. penerators. The
primary . .ium is circulated through the core and tube side of the 1HXs, oy
two centrifugal pumps. The intermediate sodium passes through the shell side
of the IHX.

The SATR reactor is similar to the PRISM unit, although the core is some=
what larger. In order t» minimize the sodium density feedback (positive), the
core is shorter and has a much larger diaseter than PRISM. As a result, the
"{nherent shutdown" pertorms about the same for both PRISM and SAFR.

Sectione to Follow

Reactivity feedbacks in the metal fuel cores of PRISM and SAFR provide
the "inherent shutdown" characteristic, which is extrapolated from EBR-1I.
These faeuda.':s are discussed in Section 2.

Transient modeling involver modeling the reactor kinctics and accurately
evaluating the reactivity feedbacks, as well as simulating the normal coolant
s, ..m and shutdown heat removal systems. The modeling is described in Sec-
don 3.

Several postulated unscrammud ents were analyzed for both designs.
Analyses for PRISM arc described ir section 4, and results for SAFR are dis-
cussed in Sect.on O.

The safet’ grade passive shutdown heat removal systems, designated RACS
in SAPR and FVACS in PRISM, were evaluated with respect to nominal performance
and degree .f fault tolerance. This work is summarized in Section 6.

Two inherent characteristics of pool-type LMRs having metal fuel cores
are high heat capacity and high thermal conductivity within the vessel. Thus,
even with little, «f any, heat removal these designs can survive lengthy
periods before any fuel damage or radioactive releases would be anticipated.
This can be demonstrated using simple "hand calculation:", as described in
Section 7,

In Section 8, computer calculations of the long LOHS events using the
MINET Code are discussed. This work represents PRISM and SAFR systems in some
detail, and shows how some of the flow patterns and local temperature distri-
butionse change as the RACS/RVACS systems operate under nominal conditions,
1.e., with the sodium spilling down along the inside of the reactor vessel
wall.

The effort is then summarized in Section 9.

=0
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2., EXAMINATION OF THE REACTIVITY FEEDBACK PARAMETERS

A major advantage of the use of metal fuel in the modular LMRs is that
the reactor transitions to a lower power level when it overheats., This re~-
sponse is referred to as the "{nherent shutdown", although the reactor remains
critical - hopefully near decay heat levels. In a dramatic series of tests at
EBR-11 (see N.E.D,, 101, April 1986), this capability was demonstrated in the
small metallic core. However, the extrapolation from the EBR-11 tests to the
larger PRISM and SAFR reactors relies upon the use of sophisticated computer
models. 7These models are focused in two areas - evaluating the reactivity
feedbacks and analyzing the reactor response to postulated transients. To
date, most of the BNL effort has been focused on the transients, but some work
has been done to partially verify the reactivity feedbacks provided by RI/ANL
and GE - and this material is covered below.

In general, RI uses ANL computational methods for calculating the SAFR
reactivity feedbacks; while the PRISM calculations are based on GE methods,
which have been validated against the ANL methods. The ANL methods involve
the multigroup cross section generation using MC2-11, fuel assembly design and
burnup calculations using NIFD/REBUS/DIF3D, reactor core calculations using
DIF3D, perturbation calculations using VARI-3D, and core restraint and bowing
evaluations using NUBOW=3D., These methods require time~consuming and expen-
sive steady-stats calculations. While this is necessary for the final design,
the lengthy calculations tend to lose sight of the underlining physics.

2.1 Key Reactivity Feedbacks

Several reactivity feedbacks are important in the inherent shutdown re-
sponse for the metal cores. Because of the smaller Doppler feedback in the
metal core, reactivity feedbaks having little importance in oxide cores are
{mportant in the meatal core. The main reactivity feedbacks are as follows:

Doppler Feedback:

As the fuel temperature increases, more neutrons are parasitically ab-
sorbed in the resonance energy range. For metal fuel, Doppler feedback is a
smaller negative factor than it is for oxide fuel because of the harder energy
gpectrum. The Doppler still adds negative reactivity on a power increase, but
{ts effect is reduced in metal fuel., This allows the temperature decrement to
be small (~1.70) wn‘~h means the reactor can be controlled by other natural
feedbacks (i.e., Axial and Radial Expansion).

Sodium Density/Void Feedback:

For a small liquid metal cooled reactor, such as EBR-I1, this {s a nega-
tive feedback, and is helpful. For the larger PRISM reactor, this is a posi-
tive feedback. As long as the sodium is subcooled, this contribution is
modest. If the sodium boils, this feedbdback could add around five dollars of
reactivity to the reactor within a few seconds.

Axial Fuel Expansion:

Metal fuel expand significantly when it heats up. Axial expansion, with=

-He



in the cladding, increases the core size and decreasec the effective density
of the core materials. This increases the probability that a neutron will es-
cape the core, giving a significant negative reactivity feedback. The size of
this feedback changes after about two percent burnup, when the fuel swells in-
to contact with the cladding. Then the axial expansion is controlled by the
expansion rate of the cladding, since metal fuel has little strength.,

Radial Expansion:

The radial dimension of the core is determined largely by the assembly
spacing. This spacing is determined by the grid plate below the core and by
two sets of load pads above the core. When the structures hea* up and expand,
they spread the reactor and reduce the core density - increasing leakage and
thereby reducing the net reactivity.

Bowing:

When a plate is heated more on one side than the other, the heated side
will expand more than the other, and the center of the plate will bow into the
hotter direction. This type of behavior occurs in the LMR assemblies, and it
has some reactivity contribution, but it is difficult to accurately calcu-
late. PRISM and SAFR use the limited free bow restraint system, which limits
the importance of bowing, and makes the contribution negative under conditions
of Interest.

Control Rod Driveline Expansion:

The control rod drive lines, which are in the upper internal structare,
expand when they are heated, inserting the control rods further into the reac-
tor, adding negative reactivity,

Vessel Expansion:

Since the control rod drives attach to the top of the vessel, and the
reactor attaches to a point much lower along the vessel wall, the expansion of
the vessel wall as it heats up pulls the control rods out somewhat. This is a
positive feedback, but it is not a major safety factor beacuse it i‘ quite
slow to act.

2.2 Cross-Comparison of Feedbacks

The key reactivity feedback parameters estimated by GE for PRISM have
been compared to the equivalent feedbacks for SAFR, Super Phenix [TAEA, 1985],
EBR-IT [Feldman, 1984), and FFTF (Padilla, 1988) (the latter two were measur-
ed, 1.u., estimated from experimental data), as shown in the table below.
While PRISM and SA'R have strong similarities, EBR~II is much smaller, and
FFTF and Super Phenix use oxide fuel. According to Hummel and Okrent
(Reacitivity Coefficients in Large Fast Power Reactors, American Nuclear
Society, 1978), the Doppler feedback for an oxide core should be about three
times larger than that for a metal core. Sodium density worth depends largely
on core geometry (leakage), which explains the negative feedback in the small
EBR=I1 core and the near-zero fedback in FFTF. Regarding radial and axial
expansion, there are again strong similarities between all five reactors.

¥



Table 1
Reactivity Feedbacks, Ak/AT(K), [x1078]
[Referenced to Nominal Conditions)

PRISM ~ SAFR  EBR-11  FFTE  SuPhx
Doppler =6.1 b2 0.4 =14.6 -12.0
Na Density 6.7 5.9 -8.7 - 0.7 6.0
Radial Exp. 6.9 -9.7 -9.3 =22.0 ~10.0
Axial Exp. =247 -2.9 ~4.8 - 1.8 =~ 2.0

Because of the consistency in the various feedback parameters, it appears
likely that the values cited by GE are approximately correct. However, the
fact that EBR-11 is obviously quite different from the other corces decreases
one's confidence in extrapolating from the EBR-1I test series.

The fifth reactivity feedback mechanism mentioned in Section 2.1, bowing,
{s difficult to estimate and thus carries large uncertainties. Fortunately,
the limited-free-bow core restraint system makes the non-linear component
(bowing) of the radial expansion both relatively small and negative. To date,
we have ignored this feedback (which is generally conservative) and hope to be
able to continue this practice.

The sixth and seventh feedbacks trace directly to the control rod worth
curves and are not difficult to confirm. The principal question here is with
respect to timing, i.e., how quickly do the control rod drive lines and the
reactor vessel expand?

2.3 Ectimating Radial Expansion Feedback [Cheng, 1988)

The small core of LMRe makes it possible to describe accurately the
radial expansion reactivity in terms of a point reactor model. The presoent
model is based on a non-leakage probability repre entation of the effective
neutron multiplication factor:

“r2M2
e b (1)

Kart * %a

where k, is the infinite medium neutron multiplication factor, M2 {8 the
neutron migratin area, and B2 {s the geometric buckling.

Consider a point reactor with appropriate average properties. We shall
use one-group model for neutron cross sections (properly averaged over the en-
tire neutron spectrum in the reactor core). In the one group model, k., is
given by:

vif & vch
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where X is the average atom density in the core. The migration area M? ig de~
fined as [Duderstadt, 1976]):

M2 = l e o (3)

3 ztrza N otroa

with o¢p being the microscopic transport cross section and 0y the micro-
scopic absorption cross section,

The geometric buckling B? is the key to the present model. For a cylin-
drical core of radiius R and height H, the grometric buckling is given by
[Lamarsh, 1966):

2 ’ 2
2. (2 (2408 g
B (H)+(R1 (4)

where ﬁ and ﬁ are the extrapolated radius and height of the core, respective~-
ly.

Consider a reference critical reactor at steady state. Using Eq.(1) for
the reference state with the subscript o, we have:

gt
Bt M
k.0 9T (5)
The perturbed reactor after the racial expansion has a multiplication factor
of:

a2y 2
k=ke ™ (6)

Note that ke remains unchanged due Lo the radial expansion because the

radial expansion affects primarily the atom density N which appears in both
the numerator and denominator of ke as seen in Eqs (2). The effect of the
radial expapsion on ke thus cancels out., 1t should be mentioned that the
radial expansion also effects the neutron svectrum and hence the microscopic
cross sections in Eq. (2). This is, however, a secondary effect and neglected
in the present model,

k=k
o
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One clegr observation is that radial 2xpansion reactivity is always negative

since BOM: < B2 if the core is expanded due to thermal expansion and

assembly bowing,

R T
(BM B oMo) (7)

The definition of the atom density is important to the present model., 1t
is defined as:




where Np is the Avogadro's number (6.023 x 1023), A is the atomic weight of
the material composition in the core, My is the total wass of the reactor
core, and V is the volume of the core:

v = wR%H (9)

Subotlsuting Eq. (8) into Eq. (3) we obtain an expression for the migra-
tion area M“:

1 A
M2 = ( ) vt (10)
3 e Vo NAN.

We now define a as the linear thermal expansion coefficient, ATR as the
temperature change in core material in the radial direction, an1 AT, as that
in the axial direction. Using these parameters, we can specify the core
radius and height under the altered temperature conditions:

R = R) (1 + uATR) (11)

o 8 J

= K, (1 +arT) (12)

By substituting Eqs. (11) and (12) into Eq. (9) w¢ obtain an expression
for the altered core volume V:

ve o R2 (1% aT)? B (1 + asT), (13)

which is then subsiituted into Eq. (10) to get:

2 o0 a% H " 2
M ( Ro “o (1 + uATR) (1 + uATz) ’ (14)
where
2
" A
C= (15)
2 2
3 Ma NA % ¢%

Here we tave assumed that the core mass M, remains constant. This is a good
assumption because, as temperature increases, the density decreases and the
volume increases so that the mass tends to stay constant.

The expressions in Egqs. (4) and (14) are multiplied to obtain an expres-
sion for BZM?:

M2 « C (1 + aATR)“ (1 + uATz)z
20k ilo 2 2242 io 2
*ln RS ('ﬁ') + 5,784 ROH (-{—) } (16)

From Eqs. (11) and (12):
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Then Eqe. (17) and (18) are wubstituted into Eqs. (16) to obtain:
M = CRZ(1 + aaTp)? (B2 (1 + aaTp)? +
a2 2
+ 5.784 HD (1 + aaT )%} (19)

The expression for B?M¢ provided in Eq. (19) is for expansion in both the
radial and axial directions. To evaluate the contribution due to radial
expansion, we set the axial expansion term, AT,, to zero leaving:

202 ne 21,202 2 02

BEMT & CROCI + adT ) {n®R2(1 + aATy )45, 784H7 | (20)
From EBq. (20), we can also identify Bgng by setting ATR to zero:

22 ne 2p2 N2

BMG = CRD  {w*R% + 5,784 He ) (21)
Thus, by subtracting Eq. (21) from Eq. (20) we find the exponent in Eq. (7):

2v2 . p2M2 o pR4G2 b

B*M BMS = CROw{(1 + aAT_)"-1} +

pe 02 g
+ CR® 5,784 HZ {(1 + aaTp) 1} (22)

Substituting Eq. (22) into Eq. (7) yields an analytical expression for the
radial expansion reactivity worth:

{C [ (1+anTp)"=114C, [(14atry)2-1]}

Prx™ | - e (23)
where
- n2R
Cl m Ro C (24)
5 B2 n2
C, = 5,784 RS HEC (25)
and
i 1A o 1
C = (1/3) {h ) o (26)
a A tr'a

In the present model, it is essential to obtain the core average par¢mn-
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eters in Eq. (26), To this end, one must congider al! the material composi-
tions in the core. The PRISM core consists of the fuel (U-26 w/o Pu=10 w/o
zr), the structure (RT=9), the coolant (Na), the radial shields (HT=9) and the
controlassemblies (B,C) as shown in Figure 3, The SAFR core is comprised of
the fuel (U=26 w/o Pu=10% Zr), the structure (HT=9), the coolant (Na), the
stainless steel radial shields, the B,C radial shields, and the control
assemblies (B,C) as shown in Figure 4.

The core average atomic weight is obtained from the atomic weight of
various materfals via mass weighting:

E Po’ nfn
A® 2 (27)
- PnVn

where p, is the density of material n, V, is the volume occupied by the
material n, and A, is the atomic weight of material n which is computed from
the atomic weights ot isotopes in material n.

The one-group microscopic cross sections, Opy and o4, of various
isotopes are obtained from [Wirtz, 1978]. The core average Oir and o, are
defined in terms of those of the material compositions in the core:

¢V o
E nnj,n

o = § J = tr,0 (28)
S R AN
n

where ¢, is the average neutron flux in the naterial n.

The core mass is computed from the vclumes occupied by various materials
in the core as follows:

Ma o z ohvn (29)

where the mate:ial volume V., is given by:

V.» 12 Nivri,nvhex (30)

Here i is the assembly type (e.g. driver fuel, internal and radial blankets,
and radial shiel~-), Ny is the number of assembly type i, VFy p is the
volume fraction of material n in assembly i, and Vpey is the volume of a
hexagonal assembly:

- 2
vhex 0.86002 b°H (31)

with b being the flat-to=flat length of the hexagonal assembly.
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The material densities used are obtained from [Hofman, 1985]:

Ryve -7.7&*(1.OObsaaaa-llzoso72xIn-51

-3, 144763x10"07%41,06236x10-1173) (32)
Peuel” 16,06509-8,12202x10"4T=1,01005x10~"12 (33)
s ® 1.0118=0,22054x10"37~1,9226x10-872

+5,637x107 1273 (34)
where the cdensity is in unit of g/cc and T in °K,

The thermal expansion in the core is considered to be due primarily to
the structure material (HT-9). The linear expansion coefficient of HT-9 is
given by [Hofman, 1985):

a = 1075%(4,286596+0,0209651T-1,0624x10-512)
for 293°K < T < 650°K
= 14.567x10"®  for T > 650°K (35)
where a 18 in K=! and T in °K.

The simple analytical model described above was used to evaluate the
radial expansion reactivity for both PRISM and SAFR. The cylindrical cores of
PRISM and SAFR are comprised of hexagonal fuel assemblies as shown in Figure 3
for PKISM and Figure 4 for SAFR, respectively. The structural material used
in both PRISM and SAFR is HT-9 alloy. The temperature dependence of the ther-
mal expansion coefficient and density were taken into account as shown in
Eqs. (32) through (35).

The results of calculations using the present snalytical model are pre=
sented in Figure 5. It is seen that the radial expansiou reactivity exhibits
a fairly linear behavior. The data shown in Figure 5 were least-square fitted
with a linear regression analysis. The slopes of these fitted curves are
summarized below along with the values reported by vendors:

PRISM (S/cm) SAFR (S/cm)

Thls UOt’k '2'368 -1.706
GE -2029‘0
R1 =1.,630

The agreement {s quite good (+3% for PRISM and +5% for SAFR).

e
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3. TRANSIENT MODELS

"wo different codes were used in this analysis tor complimentary pur~
poses. SSC [Guppy, 1983] was devel'oped at BNL, for analyzing LMR transients.
$8C models core regions in detail, as well as the primary system, the IHX, in-
termediate loop, steam generator, and the major components of the ternary
loop. However, there are features of the primary flow circuit that can not be
represented accurately by the current version of the S$8C, so we use the MINET
Code [Van Tuyle, 1984) for that part of the analysis.

3.1 8S8C Modeling

The basic representation indicated in Fig.re 6 was used for both PRISM
and SAFR. The head curves for both pump types are modeled in SSC using a
table lookup. The core was represented using seven channels: Zfuel (or
driver), internal blanket, radial blanket, control assembly, shield assem-
blies, hot driver, and hot internal blanket. Each c..annel has two axial nodes
below the fuel, six axial nodes in the fuel region and four nodes to represent
the upper gas plenum.

Reactivity Feedbacks

As the temperature increases during an event, the negative feedbacks from
the radial expansion, grid nlate expansion, axial expansion, Doppler, and con~-
trol rod driveline expansion are activated, and these generate a net negative
reactivity for the core. TIhese feedbacks respond according to their associat-
ed time constants, to overcome the positive reactivity from the sodium density
effect and any external source. Because of the small Doppler feedback in
metal fuel, and the correspondinrly small temperature defect, the «cop in
power can be quite large. With the smaller Doppler feedback, the metal fuel
cores could be vulnerable to reactivity insertion events. Howecver, inserted
rod worth is minimized by a near zero reactivity swing, so the potential rea:~
tivity addi{tions from rod withdrawal are quite small., Each of the important
reactivity feedbacks are discussed below.

Doppler

Doppler feedback is generally the fastest acting feedback mechanism since
it is almost instantly affectea by core power level. Doppler removes reacti-
vity from the system as the temperature rises and can thus help limit the ex~
tent of power increases., As the fuel temperature drops with a power reduc-
tion, Duppler adds reactivity and tends to limi:. the power decrease.

Each of the six axial levels in the 5SC fuel representation was given

equal weight and was referenced to the cold shutdown temperature. The Doppler
coefficient is given in the form of:

a=T

o1a
3=

which lead to the reactivity equation for the Doppler as:

alde
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K = Multiplication factor
Node Weighted Doppler Coefficient
T = Average Jdode Fuel Temperature

=
=
e

Reference Fuel Temperature

§ = 6 Axial Levels in the Fuel Channel

{ = 3 Different Fuel Channels (i.e., driver, internal blanket, and
radial blanket)

= Steady-State Reference Value for Doppler Keactivity

where the standard definition of neutronic reacvivity is defined as:

By definition, the reactivities are referenced to zero at t=0.0s.

Fuel Thermal Expansion

The fuel thermal expansion is a relatively fast acting feedback mecha-
nism. The radial fuel slug thermal expansiun is accommodated within the pia
and does not affect the core reactivity significantly. ial fuel expansion
increaser the core height as temperatures rise, and changes the reactivity of
the system by increasing the neutron leakage. The result is a rapid negative
feedback contribution from an increase in fuel temperature, or a rapid posi-
tive feedback in response to a decrease in fuel temperature.

The ternary U-Pu=-Zr fuel swells out to contact the cladding (HT9) mate-
rial around 2-3% atom burnup. After the fuel-clad "lockup"occurs, the fuel
thermally expands according to the thermal cxpansion of the clad material.
This is because the strength of metal fuel is very limited, and thus its ex-
pansion is dominated by the clad expansion. Experiments have shown that a 4%
axial elongation is possible in the 1.9 to 5.3 % burnup range. More experi-
ments are scheduled to be run in the future.

All analyses performed using SSC assumed that the fuel s in contact with
the HTY9 clad, This ic the most likely state for the equilibrium core since
anly 25% of the cnre will be reloaded at each retueling, and the fuel is in an
unlocked state only briefly. The fuel elongations in SSC calzulations were
calculated by using an average strain, weighted with Young's moduluv:

A+
55 Yf Af cc YC AC
Yf Af of Yc Ac

E-

where
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strain (aAt/e)

Young's Modulus

Nominal cross sectional area
c¢lad

fuel

subscript

m-mo > e
LR B B I

The PRISM evaluation was performed using Eq. (36), interpolating between
its initial fuel length and its elongated length at any given time., Ea.h
region was power weighted., The SAFR feedback was evaluated by using the forn:

3 6
piled & 3 g f M =1..)=p (37)
A =1 i I 1j oj Ao
Pa = axial expansion feedback
L = new elongated length
il
Lio = 1initial length at cold conditions
P Ao = steady-state value of feedback
a = fuel axial exvansion reactivity
coefficient for channel i
i *= vreactivity contribution from driver, internal and radial
blanket
3 = segments in the fuel

These two different methods to calculate the reactivity feedback, (i.e., Eq.
(36) versus Eq. (37)) are needed to accommodate the differences in the way
each designer supplied his reactivity coefficients.

Sodium Density Feedback

Thermal expansion of the sodium i: the only significant positive reacri-
vity feedback. The thermal expansion results in fewer sodium atoms within and
surrounding the core. The reduced density surrounding the core results in
fewer neutrons being scattered back into the core, and produces a small nega-
tive feedback effect by increasing the leakage around the periphery. However,
the dominant effect is to reduce the collisions between neutrons aud sodium
atoms, which hardens the neutron energy spect:um and yields a net nositive
reactivity feedback effect,

The feedback formulation was of the same form as Eq. (35) for both PRISM
and SAFR. The reference density was at the refueling temperature. Each node
was glven equal weighting.

Control Rod Drive Line and Vessel Thermal Expansion

Both of the advanced desigrs have taken advantage of the thermal expan=
sion of the control rod drive line. The worth of this expansion is highly de-
pendent upon the initial position of the primary control rods. The current
PRISM design includes a stop for the primarv control rods at the 10% insertion
point. The SAFR design allows the control rods to be completely removed.

« 2O



Both designs also have control rod drive lines made of 88316, since the
correspording thermal expansion coefficient is 30% greater than that of HT9,
The SAFR design utilizes a flow collector below its Upper Internal Structure
(U18) to direct hot channel sodium flow across the drive lines, PRISM has the
U18 designed such that the drive lines are positioned outside the structure
where they are exposed to the mixed sodium temperature exiting the core.

The thermal expansion of the reactor vessel ultimately iimits the amount
of negative reactivity inserted by the control rod driveline., The reactor
vessel is cantilevered from the top and expands down and slowly withdraws the
control rods from the core, Fortunately the time constant for the reactor
vessel is about 700s, while the control rod drive line expansion time constant
is around 28s., Thus, the initial response to increased sodium outlet tempera~
tures is a negative feedback, while the long term effect could end up being
positive,

Control rod and vessel expansion are calculated in SSC using single node
temperatures for the vessel and control rod drive line masses. The *otal
elongated length is calculated by subtracting the vessel expansion from the
control rod drive line expansion to determine the net control rod expansion
dnto the core. No credit was taken for the fact that the fuel is also expand~
ing axially into the control rods. Finally, it should be mentioned that, in
$SC, the flow collector for the control rod drive line in SAFR was assumed to
collect 86% of its flow from neighboring driver assemblies and only 14% from
the concrol assembly. The worth of the expansion was determined by using a
form of Eq. (37).

Radial Dilation

The radial expansion of the core is a result of thermai expansion, as
well as the design of the core and restraint system. The core assemblies are
restrained &t three locations: the inlet nczzle, the above core load pad
(ACLP), and the top of the core load pads (TLP). These locations are shown in
Figure 7. The TLPs are restrained & the core edge by the core former ring.
The ACLPs are not -estrained at the core edge. The inlet nozzles are inserted
into the inlet modules which are fixed by the inlet grid plate. This re-
straint system is called the "limited free bow" design.

The radial power profile across the core results in a decreasing tempera-
ture gradient from center to periphery. The side of the assembly duct facing
the core center is hotter than the side away from the core center, so that the
differential thermal expansion of the duct tends to cause the assembly to take
a shape that is convex to the core center line, as shown in Figure 7. The in-
teraction between adjacent assemblies and core restraint system forces the
core to deflect outward and reduces the neutromic efficiency of the core.

This is because the asscmbly tries to "flower" outward but is constrained by
the top load pads and top former ring to maintain its radial position at the
top of the assembly. Core compaction would then result in the region of the
active core if it were not for the above core load pads, which stop the inward
movement at their elevation. The movement caused by the rigid ACLP produces a
reverse deflection on the assembly, which results in outward bowing in the ac-
tive core region as the temperatures are increased and, therefoie. a nega:ive
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bowing reactivity feedback, 1In addition there is an overall expansion at the
ACLP plane due to the {ncceased core temperatures. The duct region is thin
and has a small heat capacity, causing the bowing feedback effict to respond
vithin a few seconds. The effect of this growth in volume and outer surface
area u. the core is to increase the loss of neutrons from the core region
through the surface area. This causes a reduction in core reactivity.

The reactivity of the system is also reduced by the thermal expansio. of
the core. An increase in temperature causes a reduction in reactivity because
of the increase in neutron leakage (larger total mean free path) from the
changes in core density and surface area, This results from changes in the
coclant, fuel, and duct wall temperatures.

In the SSC calculation, no credit was given for the thermal bowing of the
assemblies. It is noted that its effect may reduce the risk associated with
several severe accident sequences. However, the total worth of the (limited~
free) bowing carries significant uncertainties. Bowing should add negative
reactivity to the systew. At this time, it doesn't appear that bowi.g can in-
sert any positive reactivity during any portion of the accident reviewed to
date., Hence, neglecting it is a conservative assumption.

§SC tracks the radial expansion of the core from thermal expansion only.
This is accomplished by tracking the structure temperatures at the above core
load pads (just above the fueled area) and at the grid plate. Each assembly
that passes through a slice in the core is monitored. At every time step a
new radius at the above core load pads :s calculated and compared to its
steady-state value. Either Eq. (36) or Eq. (37) is used to find the reacti-
vity feedback, consistent with the type of coefficient suppiied.

The coefficients supplied for radial expansion were calculated using a
uniform ' ~crease over the core radius. However, the above core load pad
(ACLP) res,onds to the core exit sodium temperature while the grid plate re-
sponds to tie core inlet temperature. This causes non-uniform expansions, and
the worth of each component must bz weighed. From geometrical considerations,
the split for PRISM is 65X frow ACLP and 35% from grid plate. In SAFK, the
split is 70% ACLP and 30% grid plate.

3.2 MINET kodeiing

The MINET code [Van Tuvle, 1984) was used to perform the thermal hy-
draulic evaluations that involve significant re-distribution in sodium flow
within the core inlet network., The approximate configuration of the compo~
nents within the reactor vessel can be inferred from Figure 8, which is a
schematic drawing of the current MINET representation of both systems. Hot
sodium flow exits tnhe core and passes into the hot pool. Hot primary sodium
transfers heat into the intermediate loop sodium while flowing down through
the intermediate heat exchangers (IHXs) into the cold pool. The pumps draw
sodium from the cold pool and drive it through two headers and eight pipes in-
to the inlet plenum and into the core. There are no valves in the primary
system and all valves shown in Figure & are solely for simulating postulated
breaks and associated flow paths. (There are additional features in the MINET
representation for simulating the emergency cooling system overflow, as well
as leaks into and out of the containment vessel,)
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4, PRISM UNSCRAMMED EVENTS

The transient responses of the PRISM reactor system to various unscrdmmed
events were evaluated using SSC and, to a lesser degree, MINET. In nearly
every case, the BNL calculational results were very similar to those submitted
by GE.

§ix unscrammed events are covered in this section. The first three,
f.e., the loss of heat sink (LOHS), the transient-over-power (TOP), and the
loss of flow (LOF), are the more likely events and form the basic BOBE events
(design basis events without scram). Three less likely events were also
analyzed, including a combined TOP/LOF, an unscrammed pipe break (one of
eight) event, and an unscrammed LOF missing one pump coastdown.

4,1 Loss of Heat Sink (LOHS) BDBE

This event is initiated by a sudden stoppage of the immediate loop flow.
Physically this would be equivalent to the intermediate loop sodium being
dumped into the IHTS dump tank during a sodium/water reaction event, with the
reactor system failing to scram.

The power history, along with the core flow, as predicted by SSC is shown
in Figure 9. The power remains level for about 30 & before the increased tem-
peratures reach the core and trigger the feedbacks. The increase in tempera-
ture at the inlet plenum causes grid expansion (which has the highest negative
worth) and sodium density reduction, as indicated in Figure 10, The figure
gshows rhat the negative feedbacks outpace the positive ones and decrease the
powe to 9% by 350 s. The total reactivity settles in at =15 cents, which
forces the power down until it reaches decay heat levels. The radial expan-
sion term includes both the ACLP and grid plate dilation and is the dom'nate
mitigating feedback.

The GE results are similar, but predict a faster power drop since their
total reactivity was more negative than that calculated using SSC, Some of
the difference comes from the axial fuel expansion, where GE assumes the fuel
{s not bound to the cladding. The control rod drive line also showed a maxi-
mum velue of =10 cents during the event before the vessel expansion began
pulling the rods outward. The SSC results showed no cont.ol rod drive line
negative feedback and a positive effect when the vessel elongates. However,
the grid plate expansion inserts enough negative reactivity to override these
lesser differences, and causes the two simulations to produce similar results.

The peak temperstures predicted during this event nad large safety mar-
gins. 1In Figure !l the maximum sodium temperature from the average driver and
the hot driver are plotted against the sodium saturation temperature. The
margin to boiling was found to be 470 K (846°F), which was close to the 48B4 K
(872°F) found in the GE calculation. As seen in Figure 12, the peak fuel cen-
ter line temperature in the hot driver was 1004 K (1348°F), which is close to
the 1025 K (1385°F) determined by CE. The margin to fuel melting was 362 K
(652°F), No clad damage is expected from the low temperatures estimated to
occur during this event.
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4,2 Rencsivigz Inceggion STOPz BDBE Analysis Using SSC

A spurious signal is assumed to cause all 8iX con.roi rods to be with~
drawn from the core, giving a reactivity insertion of 2 cents per second to a
total of 35 cents. The rods are assumed to initially be positioned at about
8.5 inches inserted and are withdrawn to the lock=-out position of 4 inches
from the top of the fuel region, By forcing the control rods to be locked no
further than 4 inches from the top of the fuel, the dead band region of the
scram curve is removed,

The relative power curve predicted by SSC is shown in Figure 13, 1t
reaches a maximum of 185% of rated by 60 s and drops to 161% by 350 s. The
core flow stays constant, The added reactivity increases the reactor's power
level and temperatures, which in turn activates the inherent feedbacks, As
shown in Figure 14, the total reactivity reaches a maximum of 15 cents, with
the reactivity insertion countered pramarily by the Doppler and radial expan=
sion feedbacks. These results are somewhat different from the GE ARIES re=-
sults which predicted a peak power of 195% and a drop to 135% by 200 s, While
both codes predicted the sodium density to add +15 cents, the Doppler feedback
to insert about =17 cents, and the axial feedback to add about =7 cents, a big
difference in the control rod drive line expansion was noted. The GE ARIES
results showed the control rods being worth =20 cents by 120 s, while the SSC
results showed only about =2 cents before the vessel expansion began withd:aw=
ing the rods. HKowever, the overall results were similar because the radial
expansion feedback was dominant, and the codes were generally in agreement on
the dominant feedbacks.

The peak fuel and exit assembly sodium temperature had large margins to
their respective safety limits, The peak sodium temperatures in the hot
driver and average driver are shown in Figure 15, The closest approach to
boiling occurs in the hot driver during the first 20 seconds, and is estimated
to be 379 K (683°F), This 1is slightly less than the ARIES prediction of 400 K
(737°F) for the margin to boiling, The maximum fuel centerline temperature is
shown in Figure 16, and was found to be 1225 K (1746°F), wnich is below the
1283 K (1850°F) calculated by GE. No clad damage was indicated in either
simulation,

4.3 SSC Analysis of PRISM LOF

The power supplied to the primary and secondary pumps was assumed lost at
time z>ro., The loss of flow circulation was assumed to cause a stoppage in
heat removal through the intermediate loop (needed for both SGS and ACS).

Only the RVACS was assumed available to reject heat.

The power history predicted by SSC is shown in Figure 17. The flow coast
down corresponds to the data supplied in the PSID. The power drops along with
the flow to about 10% of rated by 3508, which is about the same as the GE
ARIES prediction (Figure E.6-la, Appendix F). 1In Figure 18 the reactivity
feedbacks are plotted. The total feedback becomes negative within a few
seconds and causes the reduction in power. The total reactivity predicted by
SSC was similar to that estimated by GE, except for the sodium and the control
rod drive line feedbacks., The sodium deusity feedback was prelicted by S88C to
have an average of about 20 cents during the first 3508, while the ARIES esti-
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saticn was 25 cents. Control rod expansion contributed only ehout =1 cent be-
fore turning positive in the S8C calculation, while the GE ARIES coce predic~
ted it to achieve & value of about =10 cents by 200s and not to turn positive
until 7008, (1t should be noted that the increasing sodium density feedback
in the latter part of Figure 18 reflects fluid transport delays in the sodium
pools, Thus, the changing feedback reflects the higher powers and tewpera~
tures from earlier in the transient, A careful review of the simulated PRISM
reactor system conditions at 360 seconds indicates that the reactor inlet
sodium temperatures are about to flatten out, and that the sodium density
fee’back in Figure 18 should reach a plateau withiy the next 20 to 30
seconds.)

The estimated peax temperatures were not high enoigh to be challenging
during this event, 1In Figure 19, the peak assembly ex't sodium temperature is
presented, along with the associated saturation temperature. The values ob-
tained were 1060 K (1449°F) for the peak and 946 K (1243°F) for the average
driver ass.mwoly, The margin to sodiuw bdoiling was predicted by SSC to be 190
K (342°F), which is slightly less than the 217 K (391°F) calculated by ARIES.
The peak fuel centerline temperature is shown in Figure 20, along with the
fuel temperature distribution, The peak node temperature was found to be 1125
K (1505°F), Thus, the margin to fuel melting was 241 K (434°F), The ARIES
predicted margin was 250 K (450°F), SSC calculated the peak clad temperature
to be about 1000 K (1341°F), for only a few seconds. Thus, no significant
fuel=clad interaction would occur.

Yransient over Power with a Loss of Flow and LOHS Event

The TOP/LOF/LOHS transient is initiated by the withdrawal of all six con-
trol rods from their maximum position worth of 35 cents, with a ramp rate of 2
cents per second, Simultaneously, the pumps are assumed to trip and begin
scasting down, and the heat rejection to the IHX is assumed lost,

The SSC results for this event are shown in Figures 21 through 24, The
power (Figure 21) is shown initially to increase, since the combination of the
added reactivity from the rod withdrawal and the sodium density feedback in-
creases the power. The increase in reactor power and sodium tempercturs ({rom
the drop in coolant f'ow in the core) activates the other feedbacks. Figure
22 shows that the 35 cents from the control rods and the 30 cents from the
sodium density effe . are effectively negated by the Doppler, axial expansion,
and tadial expansion feedbacks by 20 s into the event., The elevated tempera-
tures result iu the feedbacks producing a net negative value after 20 s,
which reduces .he power to 26% by 350 s and continues to reduce the power
thereafter.

The peak temperatures during this event are very high, but they do remain
below the critical values, at least over the short term. The margin to sodium
boiling is shown in Figure 23. The hot driver has a margin of 33 K (59°F)
while the averagz drive margin is 177 K (319°F), This indicates than even if
the peak assembly did boil, the rest of the driver assemblies would be avail~
able to counteract the positive insertion, (Initiation of boiling would occur
at the exit of the assembly and would produce #n initially negative feedback
because of the large increase in neutronic leal.age, 1If time and circumstances
allowed it to propagate down into the channel, the effect could become
positive.,) The margin to fuel melting is shown in Figure 24 to be 111 K
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(Z00°F). From this figure (deduced by interpolating between « . {ugl outar
boundary node temperature and the fuel clad midwall temperature in Pigure 24)
it is also apparent (hat fuel-clod interactions would occur and that the
eutectic vruld begin penetrating the clad, The peak fuel clad temperatute »as
found to be about 1116 K (1°49°F), at which level penetration through 10 mils
would take .9 hours (3300 s). By 350 v, the fuel-clad interface temperature
reaches 1045 K (1422°F) which “as a corresponding penetration rate of 2,1
hours for 10 mils., The definition of clad "penetration" is the wastage of 10
mile, although the clad thickness is actually 22 mils., For this event, the
reactor would have to be scrammed within 2 hours or the clad integrity woulsr
be lost. As seen in Figure 25, the transient also causes the core average
outlet temperature to pass the ASME code limit D, since the temperature reach-
es 1050 K (1431°F) and levels of near 1029 K (13v3°F), However, the average
upper p.enum temperature stays below the service limit ¢ ({.e. 922 K/1200°F)
since the average temperature has only just roached 845 K (1062°F) at the IHX
inlet, as shown in Figure 26,

In surmary, SSC was used to analyze a 35 cents TOP/LOF/LOHS event on the
PRIEM reactor and has shown that PRISM could survive for 2 hours bef~re clad
penetration in the ho. channels would occur., The ASME service limit D would
be reached since the core exit temperature goes to 1050 K (1431°F) and the
limit 48 978 K (1300°F). Hovever, the operator has been given considerable
time to respond since he has two hours to enact a scram before the first boun=
dary layer is lost (i.e., the clad), While this transient is obviously a
severe challenge to PRISM, it is believed to be exceeding!y unlikely and
should be considered a worst-case or a bounding event.

4.5 Unscrammed Pipe Break in PRISM

While the tripping and coasiing down of the PRISM pumps is the most like-
ly LOF, there are variations that -ould be more troublesome - if there is a
failure to scram. The reactor flow rates in cases where a pipe breaks or one,
two, three, or all four EM pumps stop instantaneously ("seize"), as calculated
using MINET, are shown in Figure 27. 1In all cases except no.3aal coastdown, a
rapid dr.p in flow is predicted, and the drop is severe for two or more pump
"seizures". For the twn more likely events, i.e., the breakage of one pipe or
the "seizure' of one pump, the drop in flow is about 50%., The pipe break, re=-
sulting in 492 normal reactor tlow, is more limiting that the pump "seizure"
case (53%), so that event wos analyzed using SSC.

Results of the SSC sinulation of the PRISM unscrammed pips break =vent
are given in Figures 28-32, The relative reactor flow rate was specified to
be 492, based on :he MINET analysis. As shown in Figure 28, the reactor power
also dropre”’ quickly, but leveled out around 75% after a few minutes (the core
temperature rise increased). The reason for the rapid change in power can be
seen in Figure 29, where the reactivity feedbacks shift quickly, particularly
the sodium densit , the radial and axial expansion, and the Doppler. As a re-
sult, the corc outlet temperature increases sharply at first, but peak at
acceptable levels hefore ten seconds pass. Similar trends are shown in the
fuel and cladding temperatures.
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4.6 PRISM Unscrammed LOF Missing One Coastdown

Our effort to analyze this event involved two codes, SSC and MINET., We
used MINET to estimate the reactor flow rate versus time, with pump behavior
inferred from the normal coastdown event, Thus, we cut the voltage to one
pump and “coasted" the voltage downward for the other three. The calculated
reactor coolant flow decreased somewhat faster than it did in the GE calcula-
tion. This was traced to an assumption on GE's part that the flow conditions
in the reactor do feed back to the synchronous machines via the impedance
“gensed" by the EM pumps. Information received from GE thus far has not be
sufficient to allow us to make a judgement regarding this behavior,

The second step in the analysis was to input the reactor coolant flow
curve into SSC and calculate the resulting power transient. The GE flow
coastdown curve was utilized. Results of the SSC calculations are illustrated
in Figures 33 through 37, The SSC results for the (average) driver were very
similar to GE's calculations, particularly with vespect to peak temperatures.
However, sume localized sodium boiling was observed in the hot driver (pin)
channe! = which includes peaking factors and 2-sigma uncertainties on geo-
metric parameters, Thus, there appears to be little safety margin for this
evert, Further, if the coastdown curve we calculated using MINET is utilized,
we would expect even higher temperatures.

«53=
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S5« SAFR UNSCRAMMED EVENTS

The transient responses of the SAFR reactor system to various unscrammed
events were evaluated using SSC and, to a lesser degree, MINET, In nearly

every case, the BNL calculated results were very similar to those submitted by
RI/ANL,

Five types of unscramme! events are covered in this section, The first
three, 1.e,, the loss of heat sink (LOHS), the transient-over-power (TOP), and
the loss of flow, are the more likely events and form the basic group of BDBE
events (design basis events without scram). Two less likely events were also
analyzed, including a combined TOP/LOF and an unscrammed pump sefzure event,

5.1 SAFR Loss of Heat Sink (LOHS)

Th: feedwater pumps providing water to both of the two steam generators
are assumed to lose power, causing the steam generators to dry out in 20 s,
Heat rejection is lost except for the small amount that is leaving through the

RVACS (about 2.5 MWt)., The rest of the SAFR module cuntinues to operate as
normal,

The SSC predictions are shown in Figures 38 through 4l. The power, as
shown in Figure 38, #:~ps from rated conditione to about 6% by 400 s¢ 1In
Figure 39, ** reactivity feedbacks are shown, The poeitive feedback from the
sodium is initially nullified by the negative feedback from the radial expan-
sion. (This is expected since the heat rejection is lost at the steam genera-
tors allowing the heat to be dissipated throughout the system. Having such a
large thermal dump dampens out the thermal front.,) By 40 s, the combined
effects »f all the negati-~ feedbacks outweight the positive, and the net
negative response reduces the power. The radial expansion feedback is the
dominate feedback causing the power to transition to a lowr level.

From Figure 39 it can be seen that the control rod drive line feedback
starts out a few cents negative, The time constant for this is 28 s, How-
ever, the reactor vessel also begins to thermally expand due to increased tem-
peratures at a rate corresponding to its 750 s time constant. This withdraws
the control assemblies somewhat from the core and causes a positive feedback.
8SC predicts this to be worth #10 cents by 400 s.

The peak temperatures for this event do not appear to challenge the sys-
tems Figure 40 shows the peak sodium temperature plotted against the satura-
tion temperature, and shows that the temperature increase during the event is
small, The margin to boiling for this event is, on the average, S5u7 K
(913°F), The resultant peak fuel temperature history during this event is
presented in Figure 41 where it {s shown that fuel center line (as wvell as the
rest of the fuel slug) teduces its temperature as the power falls.

Th= SSC results for the LOHS do differ somewhat from those predicted by
ANL, The reactivity trends are reasonably similar, but the S8C timing seems
sompressed when compared to theirs. The discrepancy has been traced to the
fact that the ANL model apparently utilizes a user-specified core inlet sodium

59«
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temperature (as a function of time), while the SSC version actually caleu..ted
it dynamically (it ircieases with time). The SSC version (which modeled the
[HX, cold nool, and intermediate loops) predicted higher core inlet sodium
tewperatures which resulted in the power dropping faster. ANL predicted the
power to be about 19% at B00 s, while S8SC calculated it to be 6% at 400 s,
However, both codes predicted the same general outcome, which is that the
power will transition to a lower level and will pose as no threat to the reac-
tor systen.

5.2 BSAFR Transient Over Power Events

Dopr ‘er feedbacn in a metal fuel LMR is significantly smaller than for an
oxide core. This is due to the fact that the metal core has a very hard spec~
trum, with few neutrons in the Doppler resonance region. This attribute works
in a favorable manner for fuel loading (need less) and minimizing the tempera-
ture defect (makes it smaller), but during an event when the power increases,
the Doppler isn't as effective in stopping the power rise. Thus, the design~-
er must rely on other feecdbacks to limit a power inrrease.

The SAFR TOP event is limited principally by the activation of the radial
expansion f®edback, although other negative feedbacks contribute. These feed-
back have time constants of a few seconds and lack the prompt response of Dop~
pler. However, the metal fuel core also has a small TOP initiator because the
control rods worth is minimized., This is possible because the breeding ratio
is high encugh to place the burnup swing near zero which allows the designer
to minimize the rod worth. Only enough excess reactivity is added to the fuel
cycle to overcome the temperature defect and the expected bu-nup swing.

To analyze the response of the SAFR module tc the TOP, two different ini-
tiators were used. The following calculations rsing SSC were performed to
independently verify those performed by ANL.

20 Cent TOP

The reactivity ramp rate for this event is .65 cents/s to a total 20
cents., The plant is assumed to continue operating as normal except for the
withdrawcl of about three of the six primary control rods. (This quantity is
also suppose to correspond to worst case seismic-induced insertion.) The ramp
rate corresponds to a withdrawa. speed of 0.2286 m/min (9 in/min), 1In the
SAFR module each control rod is operated individually, i.e., they are not
ganged together,

The results are shown in Figures 42 through 45. The power is shown in
Figure 42 to rise to 130% ana tu return to a quasi-static power level of 115%
by 160 & when criticality is re-established (see Figure 43), The ANL predic~
tion had the power peak at the came level,; but the power then drifted down to
104X, ' e difference comes from the control rod drive line expansion feed=
back, where ANL shows it to initially go tn =7 cents while the SSC predictions
goes to =4 cents and decreases from vessel expansion. The other feedbacks
match very cleosely with their counter parts in the ANL ca’culations.

The sodium and peak fuel centerline temperature are comparable in both
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calculations., 1In Figure 44 the peak sodium temperature in the core is shown
to reach a value of 870 K (1107°F) while the ANL results go to 872 K

(1110°F). The margin to boiling is predicted by both codes to be about 470 K
(B46°¥), The peak fuel centerline temperature is chown in Figure 45 to be
1138°K (1589°F), which compares well with the 1111 K (1540°F) predicted by
ANL. The margin to fuel melting (not including Zr migration effects) is 228 K
(411°F). All margins are thus predicted to be quite significant.

In sum.ar/, the SAFR module appears capable of withstanding a 20 cent TOP
indefinitel;, since the elevated power and temperature don't pose a problem.
It should be noted (see Figure 43) that the Doppler feedback inserted about -6
cents for this event while the radial expansion feedback supplied around a -1%
cents by 300 s und is clearly the dominate negative feedback mechanism. This
suggests that TOPs can be mitigated as long as the rate of reactivity ‘nser-
tion is within the resprnse time of the time constant for the radial feedback.

36 Cent TOP

The second SAFR TOP event is based on a ramp rate of 5 cents/s to a total
of 36 cents. This amount of reactivity corresponds to the withdrawal of all
gix of the primaiy control rods at a rate of 1,02 o/min (40 in/min). Again,
the rest of the plant is assumed to function as normal.

The SSC results are shown in Fijures 46 chtrough 49. The power, as shown
in Figure 46, is predictec to reach 156% of rated and slowly drift back toward
rated conditions. These results closely match those of ANL, since their power
peaked at 154% and was at 120% by 350 s. For the same times, SSC predicted
the power to be at 156% and 125%, The transient simulation was terminsted at
350 s since the peak fuel and clad temperatures had already been passed, and
the power level was continuing to decrease. The reactivities plotted in
Figure 47 also match within a few cents with those predicted by ANL except for
the control rod drive expansion feedback. The SSC predictions indicated that
the reactor vessel was elongating and withdrawing the control rods from the
core while the ANL plots indicate no vessel expansion s'nce their control rod
feedback plot remained flat. This effect caused the different rates (f power
reduction between the calculations. However, this effect is small, and both
codes show the same trends.

Radial expansion is the dominate feedback. In Figure 47, the total rean-~
tivity is the accumulation of all the components. The radial feedback is the
largest of the negative feedback effects, while the second largest is the
sodium density effect = which is cthe only major positive teedback. The Dop-
pler feedback only generated about =7 cents, while the radial expansion was
providing =25 cents by 350 s. Thus, the power history of the TOP is basically
controlled by the rernonse of the radial expansion feedback.

The margins to sodium boiling and fuel melting were substantial in this
calculation. The peak sodium temperature in the core is shown in Figure 48,
where it is plotted against the saturation temperature. The results chow thet
the temperature is about 895 ¥ (1152°F) which gives a margin of 445 K
(bU1°F). The ANL pe:k sodium temperature prediction was 908 K (1175°F)« Th-
peak fuel center line temperature was calculated to be 1221 K (1738°F) using

=69«
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8SC, which 1s h'zher than the 1130 K (1575°F) estimated by ANL. However,
neither code predicted that the fuel melting temperatnre of 1366 K {2000°F)
would be approached by closer than 145 K (261°F). The peak fuel=clad inter=
face temperature momentarily reached the eutectic threshold of 972 K (1290°F)
around 20 s, but it settled back to about 944 K (124C°F) and wil! continue to
decrease as the power descends. Consequently no fuel damage is expected dur~
ing this event.

543 SAFR Loss of Flow @vent

The event is i . ed by an instantaneous loss of power to the primary,
intermediate loop and steam generatur pumps. No scram is assumed and the in-
ertially-controlled coastdown of the primsry pump is characterized by an ini~
tial 6 second flow halving time. Around 135 s after the lnes of power, the
sodium coolant flow goes into natural circulation and the pump rotur stops ro=
tating.

Key results are presented in Figures 50 through 52. 1In Figure 50, it is
shown that the power level drops off as the flow decreases, The fuel tempera-
tures increase because of the reduced coolant flow in the core, activating the
NDoppler and axial expansion feedbacks. The reduction of coslant flow in the
core also causes the sodium temperatures to increase. This inserts positive
reactivity because of the hardening of the neutrun spectrum, However, once
the sodium begins to heat up, it dispersus the heat throughout the system and
activates the tadial dilation at che ACLP#, which in tucrn activates the radial
expansion feedback. In Figure 51 it is shown that the radial expansion feed-
back dominates, causing a reductir~n inpower. By 140 s the power level reaches
a nuaistatic level at about 10% of rated power, where the rea:tivity feedbacks
are halanced and power remains steady, The peak channel sodium exit tempera=-
ture ir shown in Figure 52 to be 1020 k (1377°F) and has a 180 K (324°F) mar-
gin to boiling. The peek fuel center line temperacure was found tn be 105U K
(1431°F) which gives a margin of 316 K (569°F) to the fuel melting point.

(The 1eductionin the solidus or fuel melting temperature is not considered
liere siace the effect of Zirconium migration and its effect were not simulat-
ed,)

These results are quite similar to those predicted by ANL. The SSC pre=-
diction for the peak coolant temperature was 1020 K (1377°F), while ANL calcu=
lated 1037 ¥ (1407°F). The peak fuel ccaterline tempera:cre was predicred by
8SC to be 1050 K (1431°F) while ANL calculated 1069 K (1465°F). The reactivity
feedbacks were predicted by both to reduce the power level to a much lower
level and avoid damage to the fuel. Alro, the margin t» sodium boiling is
large in bo*h calculations,

The eventua. result is that the reactor power level transitions to a much
lower level. Howevec, the feedhacks which initially s:arted out strongly
negative ultimately re-estab'ished a criticzl state after a few hundred
seconds. The feedbac!s were able to reduce the power level significantly be-
cause the temperature defect in a metal fuel core is small, about S1.b6,

Hencc, the negative feedbacks were able to overcome the Doppler and decrease
the vower, while maintairing the core at elevated temperatures, The results
indicate that the reactor could maintain this state for quite an extended
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period without danger, However, the plant must be scrammed to shut the fis=-
sion process down completely; furthermore, the operator doesn't have to make a
fast decision or take quick action to avoid damage to the core.

5.4 Combined TOP/LOF in SAFR

The 20 cent TOP with a ramp rate of 0,65 cents/s (9 inch/min or 13.72
n/s8) was rerun with a LOF added. The purpose of this simulation was to encom=
pass tne reactivity ingsertion that could accompany a SCE. The 20 cents actu-
ally corresponds to the worth of three primary rods, and should be conserva=-
ti ‘e for the SSE since the reactivity insertion from assembly movement was
estimated by RI to be a maximum cf 13 cents. The event is jiaitiaced by trip-

ping the pumps (with their associated reference coast downs, and ramping in
the reactivity).

The SSC results are shown in Figures 53 through 55. The power and flow
history are shown in Figure 53. The power increases a few percent and tnen
drops off. By 200 s, the power is down (o 14%, and will continue to drop due
to the total reactivity remaining negative, see Figure 54. The plot of the
reactivities demonstrate tnat the radial expansion feedback dominates the ini-
tial response of the corc and therefore drives the drop in power. The control
rod expansion and the radial expansion are the (wo most significant negative
feedbacks by the end of the 20C: transient., The power is able to trausition
to a lower level because the system average temperature increeses (whicl acti-
vates the radial expansion, control rod drive line expansion, and axial expan=-
slon for the negative fecdbicks, while causing a positive response only from
the sodium density) generating a net negative feedback. The more dominant
Doppler phenomena in an oxide core would hinder or stop a power reiuction be-
cause it has the potential to insert far more positive reactivity as Lhe power
and temperatures fall, The problem doesn't exist in the metal c~-re,

The safety margins for this event are significant. The peak sodium tem=
perature was found to be 1060 X (1449°F), which leaves a 150 K (270°F) margin
to sodium boiling, see Figure 55. The peak fuel centeri'ne
calculated to be below 1089 K (1500°F), which makee the wargin to tuel melting
greater than 277 K (499°F). No clad damage would be expected from eutecting
penetration, These are significant margins for such a severe event,

temperature was

5.5 Pump Seizure without Scram

One of the two centrifugal pumns in the SAFR plant is assumed to
during full power operation. The cther pump continues to operate,
plant protection system fails to SCRAM. A pump seizure at full
sidered to be a very unlikely event,

seize
and the
speed is con=-
The only known full speed selzure in the
UsS. was a pump in the Sodium Pump Test Facility (SPTF) at ETEC. All other
selzures have occurred during the coast down phase.

1

The MINET code was used to modeli the flow network around the core, The

most important aspect of this analysis is the modeling associated with the be-
havior of the (1) operating, and (2) seized pumps. This
how much flow will continue through the core. The seflzure causes a drop in

system impedence, and tne unfailed pump will experience

ultimately determines

large fiow incre:s
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Figure 54 SSC Prediction for SAFR 20 Cent UTOP/LOF: Reactivity Feedbacks
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up to 128% of its rated condition. The pump will cavitate in this mode. (The
designers are fully aware of this problem and believe that they can design a
pump to operate in this regime.) The resistance through the locked rotor
directly determines the amount of flow that will bypass the core and feed back
into the cold pool. The MINET model accounted for all the above effects and
found that 65% of the system {low will bypass the core through the locked
rotor. As shown in Figure 56, the remaining 35X of the system sodium flow
will still continue to flow through the core.

The prescribed flos condition from MINET was simulated in SSC and the re-
sults are presented in Figures 57 and 58, The power in Figure 57 drops im~
medlately to 50X and re-establishes a critical condition at about 52% ¢ rated
power. In Figure 58, the reactivity feedbacks that make up the inherent re-
sponse to a sudden loss of flow in a metal fueled core are shown. The initia®
reaction comes from the Doppler and axial expansion feedback, since the reduc-
tion in coolant flow induces them to heat up first., This generates a negative
feedback, as both give a negative feedback for a temperature increase. Within
the firet few seconds, Doppler and axial expansion insert =6 and =9 cents, re-
spectively. The drop in sodium flow, coupled with the increase in fuel tem-
peratures, leads to increased sodium tempuratures which generates a positive
feedbeck. This added about +17.5 cents of reactivity at its peak, and then
6lowly returned to zero around 200 s when the reactor re-established ecriti-
cality. Hotter sodium temperatures increase temperatures in the surroundiag
structures and the load pads, which activates the radial expansion. From
Figure 58, it is clear that the radial expansion feedback is the dominan*

mitigating factor, and that this is the most significant feedback in terminat~-
ing the event.

It should be noted that the Doppler reactivity only inserts about +7
cents of reactivity after the power is re-established at 52%, as shown in
Figure 58. A negligible Doppler, and the corraspondingly reduced temperature
defect, makes it possible for the small reactivities generated in the metal
fuel core to force iLhe power to a much lower power level.

While this event is challerging, the safe. margine are still large. The
peak fuel center line temperature was calculated by SSC (see Figure 57) to be
1134 K (1581°F), which leaves a 232 K (4!9°F) margin to the solidus tempera-
ture. The peak assembly outlet temperature was calculated t> be 1050 K
(1431°F) which is well below the saturation temperature of 1222 K (1740°F),
Furthermore, the feedbacks reduced the power level to a point where the maxi-
mum fuel centerline temperature and the maximum sodium temperature in the core
ie low enough at the new quasi static condition that the system could endure
this situation indefinitely without serious consequences,

The ANL prediction for this event was only calculated out to 18 s and a
comparison is not practical. One difference between the two analyses was fthat
ANL estimated that the core would receive 40% of the system flow even after
the pump seized, while the MINET results indicate the value ro be 35%. Both
calculations, however, predicted that this event would be mitigated by the
feedbacks in the core with no fuel damage or requirements for

immediate opera-
tor action,




(8) Uil

g*ce

. |

sase) 407 SNOTIEBA 103 938y MOT4 3100 ¥AVS 9 uoi3IoIpaid L1ANIK 9€

2i1nd14

E—

~

einzjag dung j

T‘"'ln‘t“..-‘l'l-l-"-l-lll‘-lll-

———
c——

ainziag dung 7

e e e S S SR TS Ge SEaT Sy

yeoag 2d1d




-078—

Relative Power

1125 1200
10004/\ " + 1100
0-875-» Max Fuel Center Line T 1600
e —
——
0.750 T 900
Feak Sodium Assem.Outlet
T «K)
0.625 T 800
- Relative Power
0.500 - A S o gt
0.375 T T T T T : : +— 600
0.0 400, 800 120.0 160.0 2000 240.0 2800 200
Time (s) hnl
ol

Figure 57 SSC Prediction for SAFR Pump Seizure: Relative Power and Key Temperatures
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6. EVALUATION OF RACS/RVACS PERFORMANCE

Both PRISM and SAFR include a passive air cooling system for final decay
het removal under accident conditions. To be completely passive, these cool-

ing systems are operative at all times, causing a minor parasitic energy loss
during normal operation.

In these designs, as schematically shown in Figure 59, air is supplied to
the bottom of the guard vessel, flowing upward along the guard vessel due to
natural convection and being discharged through a stack providing sufficient
draft to remove the decay heat under accident conditions.

In either concept, the heat rejection from the reactor vessel to the air
cooling system is by radiation and convection across a gas gap between the
creactor vessel and the guard vessel, and by radiation from the guard vessel to
the opposite air cooling system surface (collector surface), and ultimately by
corvection from both surfaces to the rising air. Additionally, the SAFR con-
cept includes fins on the collector surface as shown in Figure 60, For this

concept the simultaneous effects of radiation and conduction on the collector
surface are considered.

The evaluation of the passive air cooi(ing system was performed using the
PASCOL code, which was originally developec for analyzing a similar passive
air cooliing system in the wodular high temp:irature gas cooled reacter pro-
gram. This code can either be applied as a [ree standing program, given a
spatial reactor vessel temperature distribution, or coupled to the relevant

code for accident analysis. 1t solves simultaneously the quasi-steady momen-
tum and energy equations for the air, coupled with simultaneous radiation,
conduction and convection from the reactor vessel via the guard vessel and the
other air cooling system surfaces to the coolant.

The performance evaluation reported here considers the operation under
accident conditions. For the PRISM reactor, the heat transfer surfaces are
not finned. As the vendor specified data did not include sufficient details
to compute the inlet and exit ducting pressure drops, the system was evaluated
parametrically with inlet and exit loss coefficients being varied between |
and 10, The results, shown in Figure 61, indicate that the vendor's claimed
performance can readily be obtained, if ducting is such that inlet and exit
losses each amount to about four velocity heads. The vendor assumed solid
surface emmissivities of only 0.7, while values of 0.85 are readily achiev~-
heat removal rate of 16%
is possible with such an increase in emmissivity, as shown in Table

4]

able. Our evaluutions showed that an increase in the

‘o
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Table 2
PRISM RVACS Performance During Decay Heat Removal Operation
As Function of Steel Emmissivities
(K1

= K = 4,0)
ex

SOURCE PASCOL PASCOL PASCOL PASCOL

Emmissivity C 0.85 0.999
Q (MW) 2445 2.86 3,2)
W (KG/S) 24,2 27.0 27.8

-T (C) : ‘ 103.2 1134 91.7
out in

For the SAFR air cooling system an evaluation of the simultaneous conduc~
tion and radiation in the collector surface had to be made. Defining a per-
formance factor:

total convective heat transfer to air
convective heat transfer to air from guard vessel

Q=

it was found that a value of ® »~ 1.8 to 2.5 can be expected under accident
conditions. The vendor's claimed performance can be reached down to a value
of ® = 1,5, Increasing the emmissivity from the vendor's value of C.65 to
0.85 resulted in 18% higher performance.

Table 3
SAFR SHRS Thermal Performance With KACS Only as Funcr:
Collector Heat Transfer Effectiveness

SOURCE PASCOL PASCOL PASCOL PASCOL RI/ANL

Collector Area
Effectiveness

Q (MW)

T - T c)
out in

Emmissivity

As can be seen, both systems can readily achieve the required decay heat
removal rate, Further increases in performance could readily be achieved.
However, such performance increases may not be desirable, since they would

raise the parasitic heat losses under normal operating

' .




i 0
i 7. PROTECTED LOHS EVENTS - SIMPLE MODELS
B |
: ‘ii
1 While detailed thermal hydraulic computer code calculations are needed in -
\‘ srder to predict peak temperatures under transient conditions, one can learn a i
" great deal using simple models based on decay heat, heat capacity, and heat i
f removal (e.g., RACS or RVACS performance)., Thie is especially true for PRiISM
f and SAFR, as the high thermal conductivities in the fuel, coolant, and struc~
j ture tend to even out any transient temperature distributions.
7.1 Conservation of Energy Equation
1f we assume that the reactor vessel is intact (i.e., no sodium entering ‘
or exiting) and that the intermediate loop is shut down, conservation of ener~
gy dictates that:
i ‘5
; aT . : .
| Mo B 't - § Q! (38)
; p ot \ be
‘w i where
? Vy‘ n
J
’ M = Mass of vessel and contents
CP = Average heat capacity of vessel and contents
T = Average temperature of vessel and contents
; Q''' = Heat generation per unit volume ‘
j Q! = Heat entering or leaving 3
:‘ Z ff
: To be more precise, [,Q''' is tne decay heat of the reactor, Qq, and the .
! left hand side of Eq. (38) is really a sum of all the materials within the
j vessel, Further, we can define Qp. as the sum of all gains and losses
across the vessel boundary.
AT
YM. C, == =-Q , (39) K
_ pj Bt d be ;
1 b
- |
where there are j material regions within the vessel. !
. »
’ We can integrate Eq. (39) in time to project changes in temperatures
during the trar ent period [
t N
Ct 11 t ) =1 «N)) = o | 4 (L0 %
‘ M Cp, 1 (1 2 t ) ‘\f dy (40 ) )
1 which is alent t ‘;'
: E i
: ) : i
5 v - v & - WM . r = [ -~ A (¢ ‘
; :F i t )) i "‘:.., ol )
B .
!
' | r g, slow heat ransient, the temperatures within the vessel
g - l tend t eve ' 1 , we make a simplifying assumption that at some "




time t into the transient:

T,(t) = <D, for all § (42)

Substitution ef Eq. (42) into Eq. (41) leads to:

t t
I M Cpy T, (te0) + £ Qq " { Qe

<T)t . (43)

.
o Nj ij

The approximate value of the summatinn terms in Eq. (43) are given in the
table below:

M, C Cp, T 0

1M, o LY, Oy T(s80)
PRISM, Neglecting
Containment Vessel 6.54E8 kg 4.29E11 kgK
PRISM, Including
Containment Vessel 6,94E8 kg 4.54E1) wgK
SAFR, Neglecting
Containment Vessel 1.93E9 kg 1.352E12 &gk

Decay heat curves were provided in the PRISM and SAFR documentation in
tabular form, This information was used to generate integral decay heat
t
curves ([ Qq4) for PRISM and SAFR, as shown in Figure 62,
0

While performance of RACS and RVACS were confirmed using PASCOL, the time
dependent heat removal through these systems was available only through GE and
RI/ANL calculations. Therefore, the RVACS heat rejection curve shown on
Figure 63, as provided by GE, was integrated to get the curve on Figure 6(
labelled "PRISM RVACS", Similarly, the curve on RI/ANL Figure 65 labelled
"Qracs" was integrated to get the curve labelled "SAFR RACS" on Figure 64,

7.2 LOHS With RACS/RVACS Working

When Eq. (43) is used in conjunction with the integrated curves on
Figures 52 and 64 to analyze the SAFR RACS only event, the average tempera~
tures marked "X" on Figure 65 results., The trend over this 50 hour transient
is very similar to the RI/ANL plots of hot and cold pool temperatures.

The equivalent analysis was done for PRISM, both with and without the
containment vessel mass. The average temperatures are indicated on Figures 66
and 67, Further, an additional 100°F is added to each point to represent the
approximate core outlet temperature, which compares directly to the values
plotted by GE,

While the simple model results are not identical to those computed by GE

w0k
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Heat Losses From PRISM & SAFR

‘?’;

PRIGM RVACS

3

X
l From Containmant Vessel
I It No Air Flow Through RVACS ~

To Containment Vesse!
If No Air Flow Through RVACS

30 40
Tima (Hours)

Figure 64 Integral Heat Removal vs, Hours After Scram
for PRISM and SAFR
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and RI/ANL, the trends are clearly similar. Thus, we conclude that the re-
sults are at least approximately correct.

7.3 Adiabatic Heat-Up cases

Having "benchmarked" our simple models for the RACS-only and RVACS=-only
cases, we went on to examine adiabatic heat-up cases. For SAFR, we are esti-
mating eutectic penetrations in the 3/4 of one day range (some cladding rup-
tuces in high burn-up fuel could come a little earlier) and sodium boiling in
the 1| 1/2 day range, as shown in Figures 68 through 70 (RI/ANL results includ-
ed on 70. While these estimates are far from precise, the timing is not far
from our expectatiors. However, for PRISM it appears that eutectic penetra-
tions will develop as early as 1/2 day (again with some cladding ruptures
earlier), and sodium boiling could come around | day into the transient as {n=
dicated in Figures 71 and 72, This trend in PRISM is developing more quickly
than we anticipated, and appears to trace to a lower mass-to-power ratio in
the PRISM reactor system. PRISM has about 1/3 the mass of SAFR, but generates
a little less than 1/2 of the SAFR reactor power. However, we must note again

that judging by our "benchmark" case of RVACS-only, that our estimates of the
PRISM mass is probably low.

7.4 PRISM "Earth Heat-Up" Event

Because PRISM is sited in a silo, there is a potentially significant
means of giving off decay heat in the event RVACS air flow is cut off (in ad-
dition to the loss of normal cooling and ACS). This involves radiating heat
to the concrete/insulation of the silo, with some of the heat then conducted
to the surrounding earth. This is comparable to an event considered for the
MHTGR, although the geometry is somewhat different. An expanded view of

the
PRISM eilo is shown in Figure 73.

These calculations were performed using a combination of our simple
"back-of-the-envelope" model based on heat capacities and the PASCOL code,

which models the RVACS. We began the calculation with estimates of the reac~
tor vessel as a function of time (around 60 hours of transient), and used
PASCUL to estimate the heat transfer rates outward from the reactor vessel,
Then, using the estimated heat removal rate (from the reactor vessel wall) we
calculated tne corresponding reactor system temperature as a function of

time, This temperature (including the reactor vessel) history was compared to
the one assumed, as shown in Figure 74, and the process could have been re-
seated iteratively, if necessary. As we knew GE's prediction of the reactor
vessel temperature vs. time for this transient, out initial "guess" turned out
to be excellent and iterative improvements were unnecessary. Further, other
temperatures cited in the GE write-up were entirely consistent with those cal-
culated by BNL, as shown in Figure 75. (Note: the

cay heat are shown in Figure 76,) Thus, both

i #]

results with reference de-
calculations indicate substan=
tial fuel damage near the end of the first day (with some cladding ruptures
developing a few hours earlier), and sodium boiling (and likely vessel
failure) at about 36 hours. It therefore appears that large releases are un~
likely before one day and may come closer to the 1 1/2 day period.
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8, MINET SIMULATION OF PRISM LOHS-RVACS EVENT

In addition to the simpiified analysis discussed in the ptevious section,
we analyzed the PRIGM LOHS event using the MINET Code [Van Tuyle, 1984]. The
representation utilized {s indicated schematically in Figure 77. The reactor
vas assumed scrammed very early, and a GE decay heat curve (with 15X addition-
al heating compared against best estimate) was specified as a boundary condi-
tion. It was assumed that heat removal through the IHX dropped to zero quick=
ly, and that iLhe PVACS heat removal was as shown in Figure 63, MINET tracked
the thermal expansion of the sodium, and determined that tha RVACS spill-over
began about 5 1/2 hours into the event. From that time onward, a substantial
amount of sodium flowed directly from the hot pool along the inside wall of
the reactor vessel and into the cold pool.

The reactor outlet sodium temperatuces calculated by MINET are plotted in
Figure 78, along with the corresponding values from the GE calculations and
from the simple model discussed in the previous section. For the first 6
hours, the two computer calculations are in excellent agreement, and both pre-
dict RVACS spill over around 5.5 hours (although this is not apparent in
Figure 78). During that early period, the hand calculations are off primarily
due to the crude assumption that the sodium outlet temperatures are 100°F
above the estimated vessel average temperature. Between 6 and 22 hours, all
three calculations are in good agreement. After 22, the RVACS heat removal
and the decay heat approach each other closely (see Figure 63), so that small
errors in either parameter are exaggerated when the difference is taken, and
this is further increased when the difference is integrated over several
thousands of seconds. Therefore, the discrepancy apparent in the 22 to 48
hour period is easy to understand. Furthermore, only the GE calculation in-

cludes a model of RVACS performance as a function of temperatures within the
vessel. 1f the MINET calculation contained an equivalent model, the RVACS
performance would be increased by several percent during this time period,
which would decrease the sodium temperatures so that they are closer to the GE
values. Similarly, if the hand calculation included this RVACS temperature
dependence, the RVACS performance would drop significantly after 30 hours,
leading to higher temperatures.

It should be noted that ASME Service Condition C and D (structural
damage) temperatures are about 922 K and 977 K, respectively, for the PRISM
design, Therefore, even if the most conservative analysis is correct, the
outcome of this very unlikely event is probably acceptable.

A MINET simulation of the SAFR LOHS event was not performed, due to DOE's
early decision to commit to the GE team (PRISM) for further development. Had
we performed such a calculation, it is likely that the results would have been
quite similar to the PRIEM case.
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For the three basic unscrammed events in SAFR, i.e., the LONS, LOF, and
TOP events, our §8C calculational results were similar to those provided by
ANL for RI/SAFR. ‘The only problem here was that the ANL calculetions show
control rod drive line expansion that is very gquick, and this helps their cal~
culated safety margine, While the SSC results were similar to those submitted
by ANL, as long as the enhanced control rod drive line expansion was utilized,
these calculations congistently showed somewhat smaller safety margins for
SAFR than for PRISM, This traces directly to Rl's desire to run SAFR cignifi=
cantly hotter than PRISM in order to use a superheated steam cycle and achieve
higher thermal efficiency (40% versus 32%).

In addition to the three basic unscrammed events in SAFR, we looked at
two variations = a 20 cent TOP combined with an LOF and a pump seizure (one of
two centrifugal pumps), The safety margins for the 20¢ TOP/LOF were not large
tor SAFR, and would be smaller for a 35¢ TOP/LOF. For the pump seizure event,
it was determined that the rapid reduction in reactor flow rate could be
accommodately inherent gg_%gg‘_gg the other pump continued to function. How=
ever, the other pump should see a surge in flow (25 to 30%), and cavitation
may be anticipated. A related concern is that pump seizures are actually more
likely during a coastdown, so Rl may have had to design to survive the ULOF
with only one coastdown,

In order to assess the passive cooling system, we adapted the PASCOL
code, which we developed to model the comparable system in the Modular MHigh
Temperature Gas Reactor (MHTGR), which 1s designated the RCCS. We specified
the reactor vessel temperature and calculated the natural draft air flow, and
the various heat transfer processes. Using conservative parameters, we were
able to match the performance predictions made by both GE and RI/ANL., Para=
metric cases showed excellent fault tolerance, particularly with regard to
partial blockages of the air flow passages. In short, performance of the
PRISM RVACS and SAFR RACS should be at least as good as projected, and the
problems associated with partial blockages appear to be minimal,

One advantage of pool type LMRs, particularly if metal fuel is used, 1is
that the high heat capacity, high thermal conductivity system can survive a
fairly lengthy heat up event, i.e., & total loss of heat removal., This was
demonstrated using simple hand calculations, which gave results that were
Guite similar to those provided by GE and RI/ANL for cases with and without
functioning air-cooled vesse) systems. I1f the air flow is totally blocked,
many hours are available to unblock the air flow pathways, or conceivably to
arrange for an ad~hoc evacuation,

A computer code calculation of a postulated LOMS, with RVACS cooling
only, was performed using MINET, Results were very similar to those provided
by GE, particularly during the first day of transient time., Both code calcu=
lations indicated that the sodium spillover that increases RVACS performance
occure about 5 1/2 hours into the event.,

in summary, most of the key calculatiocns submitted by the SAFR and PRISM
design teams were independently verified and/or replicated, While the
inherent "shutdown" appears to work for key postuated events, some variant
cases were identified as posing significant safety concerns = in that the




inherent shutdown safety margins would be too small. The passive means of
shutdown cooling, using RACS or RVACS, appears to be an excellent approach, os
the performanceé is projected tc be good and the reliability should be very
h‘.ho
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independent Safety Analyses of the DOE sponsored Advanced Liquid Metal Reactor (\MR)
Concepts: PRISM and SAFR, performed at BNL between 1986 and 1988, are reported. In most
cases, BNL calculational results were very similar to those provided by Geneiral Electric
(GE) for PRISM and the Rockwell Internstional (R1)/Argonne National Laboratory (ANL) team
for SAFR, Two key features of these designs are the inherent reactor "shutdown' (transi-
tion to low power in response to high temperatures) and passive shutdown heat removal
(natural draft air cooling of the reactor vessel),

There are two key factors in the inherent shutdown, the reactivity feedback parameters
and the projected reactor response during postulated unscrammed transients. Reactivity
feedback parameters provided by the GE and RI/ANL teams were utilized in the BNL calcula-
tions, efter some comparative studies and simplified calculations confirmed that the
gupplied piarameters were at least approximately correct, Independent computer analyses of
the unscrammed response to various challenges yielded results that were very similar to
those submitted for both designs, and indicated that the inherent shutdown should work for
many postulated events, However, for the loss-of-flow (LOF) events, there are some very
low probability events where the safety margine are minimal, given that the positive
godium void worth makes sodium boiling highly undesirable.
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