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ABSTRACT

Analyses of the PRISM and SAFR Liquid Metal Reactors with SSC are dis-
cussed from a safety and licensing perspective. The PRISM and SAFR reactors
with metal fuel are designed for inherent shutdown responses to loss-of-flow
and loss-of-heat-sink events. The demonstration of this technology was per-
formed by EBR-II during experiments in April 1986 by ANL (Planchon, et al.).
Response to postulated TOPs (control rod withdrawal) are made acceptable
largely by reducing reactivity swings, and therefore minimizing the size of
possible reactivity insertions.

Analyses provided by DOE and the contractors GE, RI, and ANL take credit
for several reactivity feedback mechanisms during transient calculations.
These feedbacks include Doppler, sodium density, and thermal expansion of the
grid plates, the load pads, the fuel (axial) and the control rod which are now
factored into the BNL SSC analyses. The bowing feedback mechanism is not
presently modeled in the SSC due to its complexity and subsequent large uncer-
tainty. The analysis is conservative by not taking credit for this negative
feedback mechanism. Comparisons of BNL predictions with DOE contractors are
provided.
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INTRODUCTION

An important part of advanced reactor inherent safety is a reactor design

that responds safely, usually going to a lower power, during system tran-

sients. This characteristic is being sought after in the new advanced LMR de-

signs being proposed by GE and RI, with support from DOE. These reactor de-

signs are called PRISM and SAFR, respectively. The approach of these plants

is to use natural phenomena (like thermal expansion) for the basis of their

safety rather than to use engineered or machine driven safety systems.

Recently, two experiments at EBR-II have demonstrated this approach. The

first test was a loss of flow without scram from 100% power, and the second

was a loss of heat sink without scram from 100% power. The results of these

tests demonstrated that natural processes such as negative feedback due to

thermal expansion of reactor materials and natural circulation convection heat

transfer to system components were enough to shut down EBR-II and maintain

cooling without automatic action of control rods or operator action. Further-

more, the results indicate that these natural feedbacks could be designed into

commercial-size LMRs, so long as they utilize the metal fuel being developed

at Argonne National Laboratory which is part of their Integral Fast Reactor
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(IFR) program.

Presently, the NRC is conducting a review of the PRISM and SAFR Prelimi-

nary Safety Information Document (PSID) to supply the designers with feedback

on the licensability of the plants and to give the NRC lead time in reviewing

and updating their policies and regulations as they pertain to advanced LMRs.

To this tind, Brookhaven National Laboratory has been working with the NRC in

helping to evaluate these designs, with particular attention being given to

the inherent safety features of the core. The effort at BNL has included

analyses performed by both the SSC and MINET codes. However, only the work

performed by SSC will be discussed in this paper.

The key phenomena used to obtain an inherently safe reactivity response

in the PRISM and SAFR core designs is the thermal expansion of reactor materi-

als. However, this approach appears to be workable only with the use of metal

fuel. This is due to the facts that 1) a metal core has a small temperature

defect, and 2) it can be loaded to have a small excess reactivity (i.e., zero)

at operating conditions, since the converting process is enhanced by the hard-

er neutron spectrun found in metal cores. Thus, the negative reactivities

that naturally occur during normal operation, such as axial expansion, radial

expansion, Doppler, etc., can be used to make the reactor become subcritical

(in transition to a lower power level) during many expected transients by

using only the natural phenomena of thermal expansion.

The main feedback mechanisms relied upon are: Doppler, axial expansion,

radial expansion, control rod drive expansion, grid plate expansion, bowing,

and sodium density changes. The combined reactivity response can be illus-

trated by discussing a small transient where some excess positive reactivity

is added to the system. Initially, the power will begin to increase on a

small period. The increase in power will cause the fuel to increase in



temperature, thus enacting negative feedback from the Doppler and axial expan-

sion. The increase in power will cause the exit sodium from the core to in-

crease in temperature, causing a positive feedback from the sodium density

change, as well as a negative feedback from the control rod drive as it ex-

pands deeper into the active core.

As the power increases, the fuel assemblies begin to bow, thus inserting

more negative reactivity. But the biggest negative reactivity insertion be-

gins when the core inlet temperature increases enough to expand the core grid

plate. Hence it can be seen that any positive insertion of reactivity has

only the sodium density feedback to assist it, while there are many inherent

negative feedbacks to cancel its effect. Furthermore, it should be noted that

these feedbacks all have some time constant associated with them, meaning that

the timing of any transient is very important.

The SSC code models all the major components of a reactor system, and is

a well established code. However, to perform this analysis several modifica-

tions were made to the reactivity feedback mechanisms, so as to concentrate on

the inherent safety features of the metal core. The radial expansion feedback

was added to the code by tracking the thermal expansion of the above core load

pads and the grid plate expansion at the core inlet. The two thermally ex-

panded segments are referenced from the steady state and averaged together to

obtain the net radial feedback. The axial expansion was added to SSC by lock-

ing the fuel to the clad (since it swells to the clad between 1 and 2 atom

percent burnup) and calculating the thermal strain as the weighted strain of

the clad and fuel using Young's modulus as the weighting factor. The control

rod expansion feedback was also added by determining the initial mass and the

drive length that is being washed by sodium. The Doppler and sodium density

feedbacks were already present in the code and needed only a minor



modification to accept the feedbacks as cited in the PSID.

The bowing feedback is a very complex feedback mechanism and is difficult

to accurately model. The degree to which an assembly bows is not only related

to the temperature difference across the assembly, but also to the mechanical

interaction that takes place between the restraining ring at the assembly exit

and the above core load pads. Furthermore, the complexity of the bowing

phenomena makes the mechanistic approach to determining the feedba.ck worth of

bowing very difficult with large uncertainties. Therefore, this effect is

usually modeled by a table look-up of reactivity vs. power-to-flow ratios.

However, BNL and NRC have chosen to neglect this negative feedback effect, in

order to be conservative in predicting the inherent safety of these advanced

reactor systems. Being conservative in evaluating these systems is necessary

in the safety and licensing process, as a design can be attractive only if it

has a large safety margin. During the analysis, each component of reactivity

was evaluated by performing parametrics within the uncertainties for each

transient to determine the degree of safety in the system.

The transients performed by SSC were the transient overpower (TOP) and

loss of flow (LOF) events. These two classes of transients will demonstrate

the response of the design to very severe accidents and the margins of safety.

The results in Figure 1 show a prediction by GE of the PRISM plant to an

insertion of 35 cents of reactivity in the first 17s of a transient without a

scram. The calculation shows that the increase in power generated a negative

feedback from the axial expansion, Doppler, and bowing feedbacks very quickly,

while the control rod drive expansion eventually responds with its larger time

constant. The net result is that the inherent safety features were able to

nullify the 35 cent insertion without any operator action, and with power and

temperature increases in an acceptable range.



The SSC predictions for the same transients consist of several different

families of calculations where the feedback mechanisms are altered to reflect

the uncertainty in the feedback coefficients. One example can be seen in

Figure 2 where the bowing and control rod drive expansion feedbacks are

neglected. The prediction shows that the total reactivity reaches a higher

value than GE's result, but the feedbacks that are modeled continue to miti-

gate the transient and eventually bring the net reactivity back to zero. Of

course, the core power and temperatures are higher than those in the GE analy-

sis. Thus, the SSC codes parametrics are very useful in determining the range

of safety in the advanced LMR designs.

In conclusion, the SSC code has been modified to perform calculations on

the two advanced LMR designs, SAFR and PRISM. The emphasis of the work is to

independently assess the inherent safety features of the metal core, particu-

larly TOPS and LOFS. A parametric study is performed on the reactivity

feedback mechanisms to determine the safety margins for these designs.
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Figure 1: General Electric Prediction of PRISM for a 35c Reactivity Insertion



Figure 2: SSC Prediction of a 35c Insertion in PRISM Neglecting
Control Rod Expansion and Bowing Reactivity Feedbacks
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