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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 reported. In most cases, BNL calculational results were very simi-
lar to those provided by General Electric (GE) for PRISM and the Rockwell
International (RI)/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 parameters 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 confirmed that the supplied parameters
were at least approximately correct. Independent computer analyses of the un-
scrammed 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 margins
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 assures
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 U. S. 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. S. De-
partment of Energy (DOE), the Power Reactor Inherently Safe Module (PRISM)
[Berglund, 1987) and the Sodium Advanced Fast Reactor (SAFR) [Baumeister,
1987], were developed primarily by General Electric (GE) and Rockwell Inter-
national (RI), respectively. Technical support was provided to DOE, RI, 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 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 behavior
was demonstrated in a series of unscrammed tests at EBR-II [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 available.

Our effort was focused mainly to 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
liquid 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 absolutely 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 neutronics codes, ANL (both designs) and GE (for
PRISM only) were able to evaluate key reactivity feedbacks 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 with the feedbacks for other reactors. However, we
also noted the EBR-II is the more unusual core, as it has a very small Doppler
feedback and a strongly negative sodium void worth. Thus, extrapolation from
the tiny EBR~II 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 Theory" to be very close to that provided for PRISM
and SAFR.

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

Transient Models

The LMR licensing codes developed at BNL 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, SSC, needed consid-
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. Thus, we limited the SSC 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 result 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.

PRISM Unscrammed Events

Our SSC calculations 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 smallest
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 pipe break, which results in a flow short—-circuit rather than a
loss of sodium inventory, is slightly worse than an instantaneous 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 TOP or an LOF, and 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 design to better accommodate this event, i.e.,
to ride out an unscrammed LOF on three pump coastdowns.
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SAFR Unscrammed Events

For the three basic unscrammed events, i.e., the LOHS, LOF, and TOP
events, our SSC 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 margins. To get this quick expansion of the control rod drive lines,
RI 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 also that having the in-
herent shutdown rely partly on freely moving control rods leaves a potential
common mode failure, i.e., stuck rods could prevent scram and reduce inherent
"shutdown" effectiveness,

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
consistently showed somewhat smaller safety margins for SAFR than for PRISM.
This traces directly to RI's desire to run SAFR 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 addition 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, RI plans to design their control systems to prevent pump trip until
scram has been achieved (rather than just a scram signal generated).

For the pump seizure event, it was determined that the rapid reduction in
reactor flow rate could be accommodated inherently as long as the other pump
continued 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 longer, the
better. A related concern is that pump seizures are actually more likely dur-
. ing a coastdown, so RI may have had to design to survive the ULOF with only
one coastdown (if DOE had continued funding SAFR development).

Evaluation of RACS/RVACS Perfdrmance

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 processes. 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 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.
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Protected LOHS Events — Simple Models

One advantage of pool type LMRs, particularly if metal fuel is used, is
that the high heat capacity, high thermal conductivity system can survive a
fairly lengthy heat up event, i.e., a total loss of heat removal. This can be
demonstrated using simple hand calculations. These hand calculations gave re-
sults that were quite similar to those provided by GE and RI/ANL, for cases
with and without functioning air-cooled vessel systems. If 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.

MINET Calculations of Long LOHS Events

A computer code calculation of a postulated LOHS, 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
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 small. 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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1. INTRODUCTION

In support of the U.S. 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.S. De-
partment of Energy (DOE), the Power Reactor Inherently Safe Module (PRISM)
[Berglund, 1987) and the Sodium Advanced Fast Reactor (SAFR) [Baumeister,
1987], were developed primarily by General Electric (GE) and Rockwell Inter-
national (R1), respectively. Technical support was provided to DOE, RI, 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 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 behavior
was demonstrated in a series of unscrammed tests at EBR-II [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,
always 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. It is
composed of nine reactor modules arranged in three identical 415 MWe power
blocks. Each power block has three identical reactor modules that jointly
supply steam to a single turbine generator. There is one steam generator for
each reactor module. 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 1 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 (IVIM), and module support structures. The two IHXs and
four EM pumps are suspended from the reactor closure, and six control rod
drives (CRD), the UIS and an in-vessel fuel transfer machine (IVIM) are sus-—
pended from the rotable plug.

Primary system sodium.is circulated through 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 bowing feed-
back so the reactivity feedback contribution is generally small and negative.
This is achieved by using the limited bowing restraint system.

SAFR

SAFR is a modular power system (see Figure 2) using a 900 MWt reactor to
generate superheated steam which drives a 350 MWe turbine. Four modules (or
Power Paks) combine to make a standard SAFR plant of 1400 Mwe. Each power pak
uses four IHXs which are paired to transfer heat to two steam generators. The
primary sodium is circulated through the core and tube side of the IHXs, by
two centrifugal pumps. The intermediate sodium passes through the shell side
of the IHX.

The SAFR reactor is similar to the PRISM unit, although the core is some-
what larger. In order to minimize the sodium density feedback (positive), the
core is shorter and has a much larger diameter than PRISM. As a result, the
"inherent shutdown" performs about the same for both PRISM and SAFR.

Sections to Follow

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

Transient modeling involves modeling the reactor kinetics and accurately
evaluating the reactivity feedbacks, as well as simulating the normal coolant
system and shutdown heat removal systems. The modeling is described in Sec-—
tion 3.

Several postulated unscrammed events were analyzed for both designs.
Analyses for PRISM are described in Section 4, and results for SAFR are dis-
cussed in Section 5.

The safety grade passive shutdown heat removal systems, designated RACS
in SAFR and RVACS in PRISM, were evaluated with respect to nominal performance
and degree of 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, if 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 calculations", as described in
Section 7. o

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-
butions change as the RACS/RVACS systems operate under nominal conditions,
i.e., with the sodium spilling down along the inside of the reactor vessel
wall,

The effort is then summarized in Section 9.
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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 "inherent shutdown", although the reactor remains
critical - hopefully near decay heat levels. In a dramatic series of tests at
EBR-II (see N.E.D., 101, April 1986), this capability was demonstrated in the
small metallic core. However, the extrapolation from the EBR-II tests to the
larger PRISM and SAFR reactors relies upon the use of sophisticated computer
models. These 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 MCZ—II, 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-state 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
important in the metal 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
spectrum. The Doppler still adds negative reactivity on a power increase, but
its effect is reduced in metal fuel. This allows the temperature decrement to
be small (~1.70) which 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-II, this is a nega-
tive feedback, and is helpful. For the 1arger'PRISM reactor, this is a posi-
tive feedback. As long as the sodium is subcooled, this contribution is
modest. If the sodium boils, this feedback 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-




in the cladding, increases the core size and decreases 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 heat 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 structure,
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 is 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 [IAEA, 1985],
EBR-II [Feldman, 1984]), and FFTF [Padilla, 1988] (the latter two were measur-
ed, i.e., estimated from experimental data), as shown in the table below.
While PRISM and SAFR 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-II core and the near-zero feedback in FFTF. Regarding radial and axial
expansion, there are again strong similarities between all five reactors.




Table 1
Reactivity Feedbacks, Ak/AT(K), [x107®]
[Referenced to Nominal Conditions]

PRISM SAFR EBR-I1 FFTF SuPhx
Doppler -6.1 4.2 -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. -2.7 -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-I1 is obviously quite different from the other cores decreases
one's confidence in extrapolating from the EBR-II test series.

The fifth reactivity feedback mechanism mentioned in Section 2.1, bowing,
is 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 Estimating Radial Expansion Feedback [Cheng, 1988]

The small core of LMRs makes it possible to describe accurately the
radial expansion reactivity in terms of a point reactor model. The present
model is based on a non—-leakage probability representation of the effective

neutron multiplication factor:
202
-B“M
Kegg = Ko (1)
where k, is the infinite medium neutron multiplication factor, Mz_is the
neutron migratin area, and B2 is 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:

- vzf - vNof
* Za Noa

(2)




where N is the average atom density in the core. The migration area M? is de-
fined as [Duderstadt, 1976]:

M2 = Zl 7 . (3)
tr~a N Utrca

with op being the microscopic transport cross section and o5 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 _ m 2.&05
e N a

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

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

ko = ke o o (5)

The perturbed reactor after the radial expansion has a multiplication factor
of:

k =ke (6)

Note that ke, remains unchanged due to the radial expansion because the

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

k=-k 202 02 2y
o = =l_e(BM BOMO) (7

One clear observ%tion is that radial expansion reactivity is always negative
since B§M§ < BM? if the core is expanded due to thermal expansion and

aésembly bowing.

The definition of the atom density is important to the present model. It
is defined as:

N=N, (<) (8)



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

Vv = wR%H (9)

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

L (i)
3 9, % NAMa

v2 (10)

M2 =

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

R R0 (1 + aATR) (1D

~

H

[]

Ho (1 + uATz) (12)

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

= 52 2 g
V= om R (1 + aTR) H (1 + aATz), (13)

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

2 _ o~ oab on2 + 4 2
M C R} HZ (1 aATR) 1+ aATz) , (14)
where
2
A 1
c= — (15)
2 2
3 Ma NA ctroa

Here we have 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 Eqs. (4) and (l4) are multiplied to obtain an expres-
sion for BZMZ:

B2M2 = C (1 + aAT_ )" (1 + aAT )2
R z
24 ﬁo 2 2202 f{0 2
*{TT RO (T) + 5.784 ROHO (_R—) } (16)

From Egqs. (11) and (12):
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Then Egqs. (17) and (18) are substituted into Eqs. (16) to obtain:
242 - N2 2 (252 2
B“M CRE(1 + aAT,) {nm RE (1 + anTp)? +
a2 2
+ 5.784 HZ (1 + aAT )*} (19)

The expression for B2M? 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:

22 & cR2 2( 232¢7 4+ 2, )
BEM® = CR_(1 + aATp)*{w"R(1 + aAT,)*+5.784H%} (20)
From Eq. (20), we can also identify BgMg by setting ATRp to zero:
2v2 = cR2 232 4 s, .
BIMS = CRS {n°R? + 5.784 HZ?} (21)
Thus, by subtracting Eq. (21) from Eq. (20) we find the exponent in Eq. (7):
B2M2 - B2MZ2 = CR*n2{(1 + AT )*-1} +
00 o R
L oR2 ‘ 72 2 _
+ CRS_ 5.784 Ho {(1 + adTy) 1} (22)

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

_ e{Cl[(l+aATR)q—l]+C2[(l+aATR)2‘l]}

prx~ ! (23)
where
= -2pk
C1 T RO C v _ (24)
_ 52 12
C2 5.784 R0 HOC | (25)
and
_ TA o 1
c = (1/3) {F5) T (26)
a A tr-a

In the present model, it is essential to obtain the core average param-
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eters in Eq. (26). To this end, one must consider all 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 (HT-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 materials via mass weighting:

E annAn

A= (27)
DA
n

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 of isotopes in material n.

The one-group microscopic cross sections, o¢, and gz, of various

isotopes are obtained from [Wirtz, 1978]., The core average ory and o, are
defined in terms of those of the material compositions in the core:

tr,a (28)

Q
i
[

W

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

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

Ma = z ann (29)

where the material.volume V., is given by:

Vn = g NiVFi,thex (30)

Here i is the assembly type (e.g. driver fuel, internal and radial blankets,
and radial shields). N;j is the number of assembly type i, VFj , is the
volume fraction of material n in assembly i, and Vy.yx is the volume of a
hexagonal assembly:

v = 0.86602 b2H (31)
hex

with b being the flat-to-flat length of the hexagonal assembly.

-11-
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The material densities used are obtained from [Hofman, 1985]:

=7.76%(1.00634834~1,285972x10~°T

p

HT9 -3.144763x10~8T2+1.06236x10~1113) (32)
P uel” 16.06509-8.12202x10~*T-1.01005x10~ /T2 (33)
Ona = 1.0118-0.22054x10737-1,9226x10~8712

+5.637x107 1273 (34)
where the density 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]:

1076%(4.286596+0.0209651T-1.0624x10-5T2)

o

for 293°K < T £ 650°K

14.587x10™%  for T > 650°K (35)
where a is 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 PRISM 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
Egqs. (32) through (35).

The results of calculations using the present analytical model are pre-
sented in Figure 5. 1t is seen that the radial expansion 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 ($/cm) SAFR ($/cm)

This work -2.368 -1.706
GE -2.294
RI -1.630

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

~14-
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3. TRANSIENT MODELS

Two different codes were used in this analysis for complimentary pur-
poses. SSC {Guppy, 1983] was developed at BNL, for analyzing LMR transients.
SSC 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 8SC, so we use the MINET
Code [Van Tuyle, 1984] for that part of the analysis.

3.1 SSC Modeling

The basic representation indicated in Figure 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: fuel (or
driver), internal blanket, radial blanket, control assembly, shield assem-
blies, hot driver, and hot internal blanket. Each channel 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 plate expansion, axial expansion, Doppler, and con-
trol rod driveline expansion are activated, and these generate a net negative
reactivity for the core. These 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 correspondingly small temperature defect, the drop in
power can be quite large. With the smaller Doppler feedback, the metal fuel
cores could be vulnerable to reactivity insertion events. However, inserted
rod worth is minimized by a near zero reactivity swing, so the potential reac-
tivity additions 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 affected 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, Doppler adds reactivity and tends to limit the power decrease.

Each of the six axial levels in the SSC fuel representation was given
equal weight and was referenced to the cold shutdown temperature. The Doppler
coefficient is given in the form of:

dK
a=T T

which lead to the reactivity equation for the Doppler as:
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R . . i T Ro
i=1l j=1 Ref
K = Multiplication factor
o = Node Weighted Doppler Coefficient
TAV = Average Node Fuel Temperature
TRef = Reference Fuel Temperature
j = 6 Axial Levels in the Fuel Channel
i = 3 Different Fuel Channels (i.e., driver, internal blanket, and

radial blanket)
= Steady-State Reference Value for Doppler Reactivity

where the standard definition of neutronic reactivity is defined as:

_ k-1
P K

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 expansion is accommodated within the pin
and does not affect the core reactivity significantly. Axial fuel expansion
increases 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 expansion 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 is in contact with
the HT9 clad. This is the most likely state for the equilibrium core since
only 25% of the core will be reloaded at each refueling, and the fuel is in an
unlocked state only briefly. The fuel elongations in SSC calculations were
calculated by using an average strain, weighted with Young's modulus:

+
ep Yp A * e YO AL
+
Y, A *Y_ A

g =

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

3 6

pplt) = Ty 1 (L= Logd =y, (37)

i=1 j=1

CIN = axial expansion feedback

Lil = new elongated length

Lio = {nitial length at cold conditions

P Ao = steady-state value of feedback

a, = fuel axial expansion reactivity

. coefficient for channel i

i = reactivity contribution from driver, internal and radial
blanket

j = 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 is the only significant positive reacti-
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 and sodium
atoms, which hardens the neutron energy spectrum and yields a net positive
reactivity feedback effect.

The feedback formulation was of the same form as Eq. (36) for both PRISM
and SAFR. The reference density was at the refueling temperature. Each node
was given equal weighting.

Control Rod Drive Line and Vessel Thermal Expansion

Both of the advanced designs 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 primary control rods at the 10% insertion
point. The SAFR design allows the control rods to be completely removed.
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Both designs also have control rod drive lines made of $S316, since the
corresponding thermal expansion coefficient is 30% greater than that of HT9.
The SAFR design utilizes a flow collector below its Upper Internal Structure
(UIS) to direct hot channel sodium flow across the drive lines. PRISM has the
UIS 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 limits 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 total
elongated length is calculated by subtracting the vessel expansion from the
control rod drive line expansion to determine the net control rod expansion
¥nto 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
SSC, 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 control 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 thermal expansion, as
well as the design of the core and restraint system. The core assemblies are
restrained at three locations: the inlet nozzle, 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 at the core edge by the core former ring.
The ACLPs are not restrained 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 neutronic efficiency of the core.

This is because the assembly 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, therefore, a negative
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bowing reactivity feedback. 1In addition there is an overall expansion at the
ACLP plane due to the increased core temperatures. The duct region is thin
and has a small heat capacity, causing the bowing feedback effect to respond
within a few seconds. The effect of this growth in volume and outer surface
area of 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 expansion 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
coolant, 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 system. At this time, it doesn't appear that bowing can in-
sert any positive reactivity during any portion of the accident reviewed to
date. Hence, neglecting it is a conservative assumption.

SSC 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 is 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 supplied.

The coefficients supplied for radial expansion were calculated using a
uniform increase over the core radius. However, the above core load pad
(ACLP) responds to the core exit sodium temperature while the grid plate re-
sponds to the core inlet temperature. This causes non—-uniform expansions, and
the worth of each component must be weighed. From geometrical considerations,
the split for PRISM is 65% from ACLP and 357% from grid plate. In SAFR, the
split is 70% ACLP and 30% grid plate.

3.2 MINET Modeling

The MINET code [Van Tuyle, 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 the 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 8 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 unscrammed
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.

Six unscrammed events are covered in this section. The first three,
i.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 BDBE 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 s 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
shows that the negative feedbacks outpace the positive ones and decrease the
powe to 97 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 dominate
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
is not bound to the cladding. The control rod drive line also showed a maxi-
mum value of ~10 cents during the event before the vessel expansion began
pulling the rods outward. The SSC results showed no contiol 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 temperatures predicted during this event had large safety mar-
gins. In Figure 11 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 484 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 GE. 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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Figure 12 Fuel Temperature Distribution at Peak Location for ULOHS




4,2 Reactivity Insertion (TOP) BDBE Analysis Using SSC

A spurious signal is assumed to cause all six control 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. It
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 primarily 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 withdraw-
ing the rods. However, 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 is slightly less than the ARIES prediction of 409 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), which 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 zero. 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 350s, 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 density feedback was predicted by SSC to
have an average of about 20 cents during the first 350s, while the ARIES esti-
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mation was 25 cents. Control rod expansion contributed only about =1 cent be-
fore turning positive in the SSC calculation, while the GE ARIES code predic-
ted it to achieve a value of about -10 cents by 200s and not to turn positive
until 700s. (It 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 tempera-
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
feedback in Figure 18 should reach a plateau within the next 20 to 30
seconds.)

The estimated peak temperatures were not high enough to be challenging
during this event. In Figure 19, the peak assembly exit 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 assembly. The margin to sodium boiling 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 (1565°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.

Transient 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
coasting 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 temperature (from
the drop in coolant flow 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 effect are effectively negated by the Doppler, axial expansion,
and radial expansion feedbacks by 20 s into the event. The elevated tempera-
tures result in the feedbacks producing a net negative value after 20 s,
which reduces the 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 average 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 an initially negative feedback
because of the large increase in neutronic leakage. 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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(200°F). From this figure (deduced by interpolating between the fuel outer
boundary node temperature and the fuel clad midwall temperature in Figure 24)
it is also apparent that fuel-clad interactions would occur and that the
eutectic would begin penetrating the clad. The peak fuel clad temperature was
found to be about 1116 K (1549°F), at which level penetration through 10 mils
would take .9 hours (3300 s)., By 350 s, the fuel-clad interface temperature
reaches 1045 K (1422°F) which has a corresponding penetration rate of 2.1
hours for 10 mils. The definition of clad "penetration" is the wastage of 10
mils, 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 would
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 off near 1029 K (1393°F). However, the average
upper plenum temperature stays below the service limit C (i.e. 922 K/1200°F)
since the average temperature has only just reached 845 K (1062°F) at the IHX
inlet, as shown in Figure 26.

In summary, SSC was used to analyze a 35 cents TOP/LOF/LOHS event on the
PRISM reactor and has shown that PRISM could survive for 2 hours before clad
penetration in the hot 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 is 978 K (1300°F). However, 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 exceedingly unlikely and
should be considered a worst—case or a bounding event.

4,5 Unscrammed Pipe Break in PRISM

While the tripping and coasting down of the PRISM pumps 1s the most like-
ly LOF, there are variations that could 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 normal coastdown, a
rapid drop in flow is predicted, and the drop is severe for two or more pump
"seizures". For the two 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 497 normal reactor flow, is more limiting that the pump "seizure"
case (53%), so that event was analyzed using SSC.

Results of the SSC simulation of the PRISM unscrammed pipe break event
are given in Figures 28-32., The relative reactor flow rate was specified to
be 497, based on the MINET analysis. As shown in Figure 28, the reactor power
also dropped 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 density, the radial and axial expansion, and the Doppler. As a re-
sult, the core outlet temperature increases sharply at first, but peak at
acceptable levels before ten seconds pass. Similar trends are shown in the
fuel and cladding temperatures.
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Figure 25 SSC Prediction for PRISM 35 Cent UTOP/LOF: Core Exit Temperature
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Figure 29 SSC Prediction for PRISM Pipe Break: Reactivity Feedbacks
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Figure 31
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Figure 32 SSC Prediction for PRISM Pipe Break: Peak Temperatures




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
"sensed" 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 respect to peak temperatures.
However, some localized sodium boiling was observed in the hot driver (pin)
channel - which includes peaking factors and 2-sigma uncertainties on geo-
metric parameters. Thus, there appears to be little safety margin for this
event. Further, if the coastdown curve we calculated using MINET is utilized,
we would expect even higher temperatures.
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5. 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 unscrammed events are covered in this section. The first
three, i.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 seizure event.

5.1 SAFR Loss of Heat Sink (LOHS)

The 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 continues to operate as
normal.

The SSC predictions are shown in Figures 38 through 41. The power, as
shown in Figure 38, drops from rated conditions to about 6% by 400 s. In
Figure 39, the reactivity feedbacks are shown. The positive 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 of all the negative 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.
SSC predicts this to be worth +10 cents by 400 s.

The peak temperatures for this event do not appear to challenge the sys-
tem. 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, 507 K
(913°F). The resultant peak fuel temperature history during this event is
presented in Figure 41 where it is shown that fuel center line (as well as the
rest of the fuel slug) reduces its temperature as the power falls.

The SSC results for the LOHS do differ somewhat from those predicted by
ANL. The reactivity trends are reasonably similar, but the SSC timing seems
compressed when compared to theirs. The discrepancy has been traced to the
fact that the ANL model apparently utilizes a user-specified core inlet sodium
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Figure 39 SSC Prediction for SAFR ULOHS: Reactivity Feedbacks
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Figure 41 SSC Prediction for SAFR ULOHS: Fuel Temperatures




temperature (as a function of time), while the SSC version actually calculated
it dynamically (it increases with time). The SSC version (which modeled the
IHX, cold pool, and intermediate loops) predicted higher core inlet sodium
temperatures which resulted in the power dropping faster. ANL predicted the
power to be about 197 at 800 s, while SSC 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 system. '

5.2 SAFR Transient Over Power Events

Doppler feedback 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 feedbacks to limit a power increase.

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 enough 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 burnup swing.

To analyze the response of the SAFR module to the TOP, two different ini-
tiators were used. The following calculations using 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
withdrawal 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 withdrawal 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 1307% and to return to a quasi-static power level of 115%
by 160 s when criticality is re—established (see Figure 43). The ANL predic-
tion had the power peak at the same level; but the power then drifted down to
104%. The difference comes from the control rod drive line expansion feed-
back, where ANL shows it to initially go to -7 cents while the SSC predictions
goes to —4 cents and decreases from vessel expansion. The other feedbacks
match very closely with their counter parts in the ANL calculations.

The sodium and peak fuel centerline temperature are comparable in both
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calculations. In 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
(846°F)., The peak fuel centerline temperature is shown 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 summary, the SAFR module appears capable of withstanding a 20 cent TOP
. indefinitely, 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 -15
cents by 300 s and is clearly the dominate negative feedback mechanism. This
suggests that TOPs can be mitigated as long as the rate of reactivity inser-
tion is within the response 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
six of the primary control rods at a rate of 1.02 m/min (40 in/min). Again,
the rest of the plant is assumed to function as normal.

The SSC results are shown in Figures 46 through 49. The power, as shown
in Figure 46, is predicted to reach 156% of rated and slowly drift back toward
rated conditions. These results closely match those of ANL, since their power
peaked at 1547 and was at 120%Z by 350 s. For the same times, SSC predicted
the power to be at 156% and 125%. The transient simulation was terminated 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 since their control rod
feedback plot remained flat, This effect caused the different rates of 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 reac-
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 the only major positive feedback. 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 response 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 show that
the temperature is about 895 K (1152°F) which gives a margin of 445 X
(801°F). The ANL peak sodium temperature prediction was 908 K (1175°F). The
peak fuel center line temperature was calculated to be 1221 K (1738°F) using
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Figure 47 SSC Prediction for SAFR 36 Cent UTOP: Reactivity Feedbacks
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SSC, which is higher than the 1130 K (1575°F) estimated by ANL. However,
neither code predicted that the fuel melting temperature 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 972K (1290°F)
around 20 s, but it settled back to about 944 X (1240°F) and will continue to
decrease as the power descends. Consequently, no fuel damage is expected dur—
ing this event. '

5.3 SAFR Loss of Flow Event

The event is initiated by an instantaneous loss of power to the primary,
intermediate loop and steam generator pumps. No scram is assumed and the in-
ertially-controlled coastdown of the primary pump is characterized by an ini-
tial 6 second flow halving time. Around 135 s after the loss of power, the
sodium coolant flow goes into natural circulation and the pump rotor 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
Doppler and axial expansion feedbacks. The reduction of coolant flow in the
core also causes the sodium temperatures to increase. This inserts positive
reactivity because of the hardening of the neutron spectrum. However, once
the sodium begins to heat up, it disperses the heat throughout the system and
activates the radial dilation at the ACLPs, which in turn activates the radial
expansion feedback. 1In Figure 51 it is shown that the radial expansion feed-
back dominates, causing a reduction inpower. By 140 s the power level reaches
a quaistatic level at about 10% of rated power, where the reactivity feedbacks
are balanced and power remains steady. The peak channel sodium exit tempera-
ture is shown in Figure 52 to be 1020 K (1377°F) and has a 180 K (324°F) mar-
gin to boiling. The peak fuel center line temperature was found to be 1050 K
(1431°F) which gives a margin of 316 K (569°F) to the fuel melting point.

(The reductionin the solidus or fuel melting temperature is not considered
here since 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 K (1407°F). The peak fuel centerline temperature was predicted by
SSC 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. Also, the margin to sodium boiling is
large in both calculations.

The eventual result is that the reactor power level transitions to a much
lower level, However, the feedbacks which initially started out strongly
negative ultimately re-—-established a critical state after a few hundred
seconds. The feedbacks were able to reduce the power level significantly be-
cause the temperature defect in a metal fuel core is small, about $1.6.

Hence, the negative feedbacks were able to overcome the Doppler and decrease
the power, while maintaining 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
m/s) was rerun with a LOF added. The purpose of this simulation was to encom—
pass the reactivity insertion that could accompany a SSE. The 20 cents actu-
ally corresponds to the worth of three primary rods, and should be conserva-
tive for the SSE since the reactivity insertion from assembly movement was
estimated by RI to be a maximum of 13 cents. The event is initiated 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 then
drops off. By 200 s, the power is down to 147%, and will continue to drop due
to the total reactivity remaining negative, see Figure 54. The plot of the
reactivities demonstrate that the radial expansion feedback dominates the ini-
tial response of the core and therefore drives the drop in power. The control
rod expansion and the radial expansion are the two most significant negative
feedbacks by the end of the 200s transient. The power is able to transition
to a lower level because the system average temperature increases (which acti-
vates the radial expansion, control rod drive line expansion, and axial expan-
sion for the negative feedbacks, 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 reduction be-
cause it has the potential to insert far more positive reactivity as the power
and temperatures fall. The problem doesn't exist in the metal core.

The safety margins for this event are significant. The peak sodium tem-
perature was found to be 1060 K (1449°F), which leaves a 150 K (270°F) margin
to sodium boiling, see Figure 55. The peak fuel centerline temperature was
calculated to be below 1089 K (1500°F), which makes the margin to fuel 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,

5.5 Pump Seizure without Scram

One of the two centrifugal pumps in the SAFR plant is assumed to seize
during full power operation. The other pump continues to operate, and the
plant protection system fails to SCRAM. A pump seizure at full speed is con~
sidered to be a very unlikely event. The only known full speed seizure in the
U.S. was a pump in the Sodium Pump Test Facility (SPTF) at ETEC. All other
seizures have occurred during the coast down phase.

The MINET code was used to model 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 ultimately determines
how much flow will continue through the core. The seizure causes a drop in
system impedence, and the unfailed pump will experience a large flow increase

~78-



Relative

12

s =Power
o = Core Flow

[+ 3

A
ey

=
A=

14

0.0 T T ! 1 1
0.0 20.0 40.0 60.0 80.0 100.0

Time (s)

T I I T
120.0 140.0 160.0 180.0

Figure 53 SSC Prediction for SAFR 20 Cent UTOP/LOF: Relative Power and Flow

200.0

bnl
aul




REACTIVITY (CENTS)

20

10

~-10

=20

-30

e

Sodium Density

+
Doppler
Axial Exp
Total

Control Rod Exp 4

Radial Exp

| | - a8 T

1 T T T
0.0 20.0 40.0 60.0 80.0 1000 1200 140.0 160.0

Time (s)

Figure 54 SSC Prediction for SAFR 20 Cent UTOP/LOF:

Reactivity Feedbacks

T
180.0

200.0

bhnl
ati




Temperature (K)

1500.0

: a =Driver
1250.0 _\S\ o = Coolant Sat
1000.0 - .
750.0-
500.0
250.0
0.0-¢ T T T T T T | T T
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0
Time (s) hnl
aul
Figure 55 SSC Prediction for SAFR 20 Cent UTOP/LOF: Sodium Saturation and Outlet

Temperatures




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 flow will bypass the core through the locked
rotor. As shown in Figure 56, the remaining 35% of the system sodium flow
will still continue to flow through the core.

The prescribed flow 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-
mediately to 50% and re-establishes a critical condition at about 52% of 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 initial
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 first 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 temperatures which generates a positive
feedback. This added about +17.5 cents of reactivity at its peak, and then
slowly returned to zero around 200 s when the reactor re-established criti-
cality. Hotter sodium temperatures increase temperatures in the surrounding
structures and the load pads, which activates the radial expansion. From
Figure 58, it is clear that the radial expansion feedback is the dominant
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 correspondingly reduced temperature
defect, makes it possible for the small reactivities generated in the metal
fuel core to force the power to a much lower power level.

While this event is challenging, the safety margins 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 (419°F) margin to the solidus tempera-
ture. The peak assembly outlet temperature was calculated to 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
is 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 that
ANL estimated that the core would receive 40% of the system flow even after
the pump seized, while the MINET results indicate the value to 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.
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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
reactor vessel and the guard vessel, and by radiation from the guard vessel to
the opposite air cooling system surface (collector surface), and ultimately by
convection 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 cooling system was performed using the
PASCOL code, which was originally developed for analyzing a similar passive
air cooling system in the modular high temperature gas cooled reactor pro-
gram. This code can either be applied as a free standing program, given a
spatial reactor vessel temperature distribution, or coupled to the relevant
code for accident analysis. It 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 1
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-
able. Our evaluations showed that an increase in the heat removal rate of 167%
is possible with such an increase in emmissivity, as shown in Table 2.

-87-




PASCOL

AN

13SS3IA HOLOYIN

SV9 LNVNOVLS

N 13SS3A aHYN9 N\
SV
—
3OV4HNS HO193T100
N . N\ Sooany

O

Figure 59 Schematic of Passive Air Cooling Systen

Advanced LMRs

-88-




COLLECTOR
(EXTENDED
SURFACE)

FLOWING AIR
REACTOR
VESSEL
o
LINER — .\ F
oﬁ
Wi
SODIUM wap

O .8

GUARD VESSEL

HELIUM/

INSULATION
CROSS SECTION

Figure 60 Top View, Section of SAFR Vessels and RACS (Note Fins)

-89-




W, (kg/s)

80

Figure 61

l I l 1 l 1 l 1
2 4 6 8 T

K= Kin = Kex

PRISM Passive Air Cooling System Performance During Decay
Heat Removal as Function of Inlet and Outlet Ducting Flow

Resistances

-90-




Table 2 :
PRISM RVACS Performance During Decay Heat Removal Operation
As Function of Steel Emmissivities
(K, =K =4,0) '
in ex

SOURCE PASCOL PASCOL PASCOL PASCOL GE
Emmissivity 0.5 0.7 0.85 0.999 0.7
Q (MW) 1.86 2.45 2.86 3.21 2.42
W (KG/S) 24.2 26.0 27.0 27.8 25.9
Tout_Tin (¢ 75.1 92.2 103.2 113.4 91.7

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

¢ =

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 0.65 to
0.85 resulted in 18% higher performance.

Table 3
SAFR SHRS Thermal Performance With RACS Only as Function of
Collector Heat Transfer Effectiveness

SOURCE PASCOL PASCOL PASCOL PASCOL RI/ANL
Collector Area
Effectiveness 1.5 2.0 4.0 1.5 ?
Q (MW) 3.90 4,13 4.50 4.61 3.96
W (KG/S) 37.2 37.7 38.5 38.7 39
T - T, (c) 102.5 107.2 114.6 116.6 99.4

out in

Emmissivity 0.65 0.65 0.65 0.85 0.65

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 conditions.
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7. PROTECTED LOHS EVENTS - SIMPLE MODELS

While detailed thermal hydraulic computer code calculations are needed in
order to predict peak temperatures under transient conditions, one can learn a
great deal using simple models based on decay heat, heat capacity, and heat
removal (e.g., RACS or RVACS performance). This is especially true for PRISM
and SAFR, as the high thermal conductivities in the fuel, coolant, and struc-
ture tend to even out any transient temperature distributions.

7.1 Conservation of Energy Equation

If 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:

3T
Mep ot T [o @' =1 Q0 (38)
where
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
gc = Heat entering or leaving

To be more precise, va"' is the decay heat of the reactor, Q4, and the

left hand side of Eq. (38) is really a sum of all the materials within the
vessel. Further, we can define Qp. as the sum of all gains and losses
across the vessel boundary.

—J = -
LM, Co Q ~ Qoo (39)
where there are j material regions within the vessel.

We can integrate Eq. (39) in time to project changes in temperatures
during the transient period:

§ Mj ij [Tj(t)—Tj(t=0)] = £th - £thc (40)
which is equivalent to:
t t
§ Mj ij Tj(t) = § Mj ijTj(t=0) + i Q - £ Qe (41)

During a long, slow heat up transient, the temperatures within the vessel
will tend to even out., Thus, we make a simplifying assumption that at some
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time t into the transient:
Tj(t) ~ <T>t’ for all j (42)
Substitution of Eq. (42) into Eq. (41) leads to:

t t
N Mj ij Tj (t=0) + £ Q - g Q.
(43)

<T>t s
M., Cp.
Z J 'pJ

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

M, Cp, M, Cp, T,(t=0)
LMy cr LMy Oy T
PRISM, Neglecting

Containment Vessel . = | 6.54E8 kg 4.29E11 kgK
PRISM, Including :

Containment Vessel 6.94E8 kg 4,54E11 kgK
SAFR, Neglecting R

Containment Vessel 1.93E9 kg 1.352E12 kgK

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 (f Qq) for PRISM and SAFR, as shown in Figure 62.
o

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 64
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 RAGCS/RVACS Working

When Eq. (43) is used in conjunction with the integrated curves on
Figures 62 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
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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-
tures 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 expectations. 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 1 day into the transient as in-
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 silo 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
PASCOL 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 the 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-
peated 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 results with reference de-
cay heat are shown in Figure 76.) Thus, both 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 simplified analysis discussed in the previous section,
we analyzed the PRISM LOHS event using the MINET Code [Van Tuyle, 1984]. The
representation utilized is indicated schematically in Figure 77. The reactor
was assumed scrammed very early, and a GE decay heat curve (with 15% 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 the RVACS heat removal was as shown in Figure 63, MINET tracked
the thermal expansion of the sodium, and determined that the 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 temperatures 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. If 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 PRISM case.
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9. SUMMARY

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 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 behavior
was demonstrated in a series of unscrammed tests at EBR-II [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 available.

Our effort was focused mainly to 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
liquid 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 absolutely reliable, and therefore infallible,
then one would conclude that these are very safe reactors. (As a further
note, when a reactor appears to have these characteristics, one is driven to
consider major changes in the geometry as possibly threatening, and this
usually leads one to consider seismic challenges and sabotage as major
threats.)

We have concluded that the ANL estimates of the reactivity feedback
parameters for PRISM and SAFR are probably reasonably accurate. However, we
are cautious about the uncertainties in these feedbacks and believe that the
margins for the inherent shutdown must be large at this time in order to com-
pensate for these uncertainties.

Our SSC calculations for the three major unscrammed events in PRISM, in-
cluding 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 significant for all three events, with the unscrammed LOF having the small-
est margins. Three related unscrammed events were also analyzed, including a
pipe break, a TOP/LOF combination, and an LOF missing one (of four) pump
coastdown. The pipe break, which results in a flow short-circuit rather than
a loss of sodium inventory, is slightly worse than an instantaneous 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 TOP or an LOF, and has smaller safety margins than either.
Clearly, GE should design to minimize the likelihood of this event. The mar-
gin 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 electromag—
netic (EM) pumps by the synchronous machines, has to be significant, it would
be prudent for GE to design 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 events in SAFR, i.e., the LOHS, LOF, and
TOP events, our SSC 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 cal-
culated safety margins. 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 consistently showed somewhat smaller safety margins for
SAFR than for PRISM. This traces directly to RI's desire to run SAFR signifi-
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
for 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 as long as 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 RI 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 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 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, is
that the high heat capacity, high thermal conductivity system can survive a
fairly lengthy heat up event, i.e., a total loss of heat removal. This was
demonstrated using simple hand calculations, which gave results that were
quite similar to those provided by GE and RI/ANL for cases with and without
functioning air-cooled vessel systems. If 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 LOHS, 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
occurs about 5 1/2 hours into the event.

In 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
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inherent shutdown safety margins would be too small. 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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