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ABSTRACT

A capability for autonomous and passively safe operation is one of the goals of the
NERI funded development of Generation IV nuclear plants. An approach is described for
evaluating the effect of increasing autonomy on safety margins and load behavior and for
examining issues that arise with increasing autonomy and their potential impact on
performance. The method provides a formal approach to the process of exploiting the innate
self-regulating property of a reactor to make it less dependent on operator action and less
vulnerable to automatic control system fault and/or operator error. Some preliminary results
are given.

INTRODUCTION

Several advanced reactor systems have been proposed in response to the Nuclear
Energy Research Initiative (NERI) call for proposals for the development of concepts for
overcoming obstacles to the expanded use of nuclear energy. The concepts strive for a high
degree of passive safety, reliability, operational autonomy, cost-competitiveness, and
proliferation resistance. They include the Light Water Secure Transportable Autonomous
Reactor (STAR) (Carelli, 2000), the Liquid Metal STAR (Spencer, 2000), and the
Encapsulated Fission Heat-Source STAR (Greenspan, 2000). A parallel NERI effort to
develop plant control and monitoring strategies for the STAR concepts is the subject of this
paper.

Passively safe reactors such as the STAR concepts make use, through their design
features, of fundamental physical laws to minimize the likelihood of accident initiators
and/or the consequences of such initiators. Such features have the potential to reduce the
vulnerability of the plant to failures of electro-mechanical components or to human error.
However, an active control system (e.g. control rods) used for normal operation may
continue to operate during an upset, thereby affecting the operation of passive systems
designed to protect the plant during upsets. This raises an important question: Can the active
control system be designed such that it minimizes the possibility of confounding the proper
operation of the passive safety "system" during the upset? This highlights the importance
of designing the plant control systems such that they take the passive system response
explicitly into consideration.



In addition to passively safe characteristics the capability for highly autonomous
operation is sought in the STAR concepts. The reactor is envisioned to start up and run for
many years uninterrupted. To do so requires designing the reactor so that it is self regulating
with respect to changes in demand at the heat sink and self compensating with respect to the
reactivity lost through burnup of the fissile inventory.

To support these objectives an approach is developed for: (1) ensuring the plant
control and safety protection systems are designed to work effectively in conjunction with
the passive system response; and, (2) providing for the tendency of the reactor to self regulate
thereby minimizing the need for active control. One way to achieve this is to reduce the
actuator influence (or in the limit, eliminate it) by exploiting a passive counterpart to the
actuator. In the case of flowrate the buoyant head contribution is increased, and in the case
of control rods temperature feedbacks are increased. Design options being investigated for
achieving this are: (1) elimination of the reactor flow control by going to natural circulation
in the primary system at power; (2) elimination of an intermediate flow control system in
the liquid-metal designs by going to natural circulation or eliminating the intermediate loop
entirely; and, (3) the elimination, or significant reduction, of the need to actively compensate
for spatial and temporal changes in reactivity with burnup by going with a nominally zero
burnup swing fast-spectrum core.

The extent to which the need for active control elements can be reduced depends on
several issues. During load changes, the reduced set of actuators should not lead to excessive
temperature swings. During startup from cold conditions in the absence of forced
circulation, sufficient flowrate will have to be established through buoyancy so as to
maintain acceptable temperatures. Seasonal temperature changes in the heat sink will need
to be adequately compensated for without needing to derate. Uncertainties in the primary
loop hydraulics, reactivity feedbacks, and burnup rate which are normally compensated for
by active elements should not lead to a derating. Clearly, as the influence of active control
elements on setting operation decreases with increasing autonomy, the greater the potential
for these issues to negatively impact performance. At some point these may begin to
outweigh the economic and safety benefits of further plant simplification associated with the
elimination of control elements.

This paper describes an approach for evaluating the effect of increasing autonomy
on safety margins and load behavior and for examining issues that arise with increasing
autonomy and their potential impact on performance. Section 2 develops this approach.
Section 3 describes the modeling tools needed and those that are under development.
Section 4 presents some preliminary results.

2. APPROACH

The degree of autonomy is measured in terms of actuator influence. As one moves
along this dimension and control band magnitudes get smaller, engineering parameters
associated with the passive counterpart of the actuator may be available to compensate.

2.1 Physics

The choice of reactor materials to a large extent determines the characteristics of any
reactor type. The arrangement of fuel, coolant, and absorber material determine the power
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level for the inlet temperature and flowrate presented by the heat sink. At steady-state, the
neutron population is in balance and the heat generation rate equals the heat rejection rate.
Self regulation is achieved as the result of a large negative reactivity vested in the coolant
temperature rise compared to the fuel temperature rise. Too much power raises the coolant
temperature which in turn causes the power to drop. This self regulating property is what
the design engineer can make use of to limit temperatures during accidents and to change
load and compensate for burnup with minimal need to rely on control rod reactivity.

The relationship between the conditions presented to the reactor by the outside world
and the associated reactivity, which determines reactor power, can be represented through
a reactivity balance. There are only three channels through which the outside world can
influence the reactor: flowrate, external reactivity (control rods), and inlet temperature. If
the possibility of two-phase conditions exist, then pressure must also be included. The time
constants of the temperature feedback processes are such that the feedback temperatures are
essentially in equilibrium with the instantaneous power, flowrate and inlet temperature. A
reactivity balance on the reactor then gives, relative to some equilibrium zero reactivity
reference state, (Wade, 1988)

p = (P-l)A + (P/W-l)B + C5Tpc+8pext (1)

where P is normalized power, W is normalized reactor flowrate, 8Tpc is change in primary
system cold leg temperature, 5pext is externally imposed reactivity, and A,B,C are the integral
reactivity feedback parameters that are measurable at the full power operating point. When
nonequilibrium of the delayed neutron population can be precluded, as in the asymptotic
state following an upset, the left-hand side of the above equation can be set to zero. The
equation can then be solved for the new power level.

A simple yet powerful safety case can be developed with Eq. (1) serving as its basis.
By virtue of the fact that: (a) there are only three communication channels through which
the core can be affected, and (b) the signal into each of these channels either increases or
decreases, then all unprotected accidents are contained in the union of five generic accident
classes. These classes are given in Table I. In each of these five classes, the signal input
through the channel is limited in its amplitude by a physical mechanism. The mechanisms
identified in Table I are for a liquid-metal system employing an intermediate heat transport
circuit. The reactor power in the asymptote then is bounded and is given by Eq. (1). It
remains to be seen what the closed-loop behavior of the plant is, that is, the plant operating
under a control system. A simple extension of the ideas from the open-loop case leads to an
upper bound for the conditions reached for all closed-loop accidents. Taking all possible
combinations, two and three at a time, of the five open-loop accident classes envelopes all
closed-loop accidents. The bottom of Table I summarizes the four bounding events. Eq. (1)
can be used to compute the asymptotic power for each of these four events.

Plant behavior with change in load is represented by the load schedule coefficients.
These coefficients are the change in process parameters with unit change in power and can
provide a measure of thermal stresses in components such as heat exchangers. The load
schedule coefficients can be set through control parameters mp, mi, and niR associated with
the primary system pump, intermediate system pump, and the control rod, respectively. The
relationship is given by differentiating the plant steady-state equations (which depend on the
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control parameters) with respect to power to obtain the matrix equation

ITPH dTpc dTsH dWslT

dP dP dP dP J
(2)

where the terms on the left are load schedule coefficients. The control parameters mp, mi,
mR are used to adjust the load schedule coefficients. TpH is the primary system hot leg
temperature, Tpc is the primary system cold leg temperature, TSH is the superheater steam
outlet temperature, and Ws is steam flowrate.

Table 1 Unprotected Upset Classes.

Open-Loop Plant

Closed-loop plant

Accident Classes
1. reactor flow runup
2. reactor flow rundown

3. reactor inlet temperature chilling

4. reactor inlet temperature heatup

5. external reactivity insertion
combined 1,3, and 5
combined 2, 3, and 5
combined 1, 4, and 5
combined 2,4, and 5

Physical Mechanism Limiting
Signal Amplitude

cavitation of pump coolant
establishment of natural
circulation conditions
freezing of intermediate
system cold leg sodium
loss of primary system heat
removal capability
BOC excess reactivity

Plant behavior with core reactivity loss is represented by the reactivity loss
compensation coefficients. These coefficients are the change in process parameters with unit
reactivity change and provide a measure of how the plant condition moves with burnup. An
expression that parallels Eq. (2) contains three reactivity loss compensation parameters np,
ni and nB. These parameters relate change in flowrate and rod position to the values of
coefficients of the form dx/dp where x is one of the state variables on the left-hand side of
Eq. (2) and p is reactivity loss. The np, ni, and ns are used to set a limited number of dx/dp.

2.2 Operating Modes and Parameter Space

Three operating modes are associated with passively safe and autonomous operation.
The modes are unprotected upsets, load change, and burnup reactivity loss, all described
above. The plant response for each of these modes depends on both the active control
elements and the plant design. By associating active control elements and plant design
parameters with plant response, one can systematically select values that provide the desired
response. The associations from the previous subsection are given in Table II.

2.3 Functionals and Optimization

The parameters in Table II are used to minimize the peak conditions during
unprotected upsets and to minimize the change in plant conditions during change in load and
change in reactivity with burnup. First define a safety functional as the smallest margin that
exists over the four worst case closed-loop accidents in Table I. The margin is the difference
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between a safety limit, cladding eutectic temperature for example, and the corresponding
peak temperature. The functional is to be maximized. Next define a load schedule
functional as the load schedule coefficient and a reactivity loss functional as the reactivity
loss coefficient. These functional are to be minimized. In the special case where control
bands are not limited in size, then a number of load schedule coefficients equal to the
number of actuators can be set arbitrarily. A number of reactivity loss coefficients equal to
the number of actuators minus one can be set arbitrarily.

Table II Operating Modes and Associated Parameters for Forced Convection Case

Operating Mode
1. Unprotected upset

a. signal amplitude
input to channel

b. channel sensitivity

2. Load change

3. Cycle reactivity change
compensation

Communication

Channel

W

Pexi

w
5T,
Pext

w
5T,
Pext

w
5T,
Pext

Parameters Controllin

Fixed by Prior Step

B/A
C/A, KJIHX, K21HX

I/A

B/A
C/A, KIIHX, K21HX

I/A

*» Asymptotic Response

Free to Vary

" min> " m a x

Tsolidus. KIIHX, K21HX

Pexcess

B/A
C/A
I/A
mp

mr

mR

nP

ni

nR

2.4 Progression Toward Autonomous Operation

The plant with the full complement of actuators represents a baseline case against
which safety and control performance can be compared as actuators are dropped in
succession. Or in a more detailed treatment, actuator influence is reduced continuously until,
in the limit, the actuator is eliminated. In this treatment the minimization of the functional
becomes subject to constraints that limit the size of the actuator influence. A baseline case
is defined in Section 4 and results are given.

The trend of safety and control performance with increasing autonomy will be
studied within families of reactors. A family is defined by the coolant type and the fuel
which largely determine the physics. In this section the reference plant is from the family
that uses liquid metal coolant and metallic fuel. At present the only other combination of
materials in the collection of NERI proposals is the light water cooled and oxide fueled IRIS
concept (Carelli, 2000).

3. DEVELOPMENT OF ANALYSIS TOOLS

The analysis tools needed are summarized in Table IE. The main effort to date has
been on the development of the steady-state plant model and a capability to prepare load
schedules using this model. The MINISAS lumped parameter systems code (Cahalan, 2000)
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is being modified to provide the steady-state modeling capability. Three separate STAR
reactor concepts have been identified within the context of this NERI project. The code
provides common models across all these designs and an implementation that provides for
flexible configuration of plant components and setting of parameter values through the input.

Table III Types of Analyses and the Models Needed.

Model —>

Operating Mode
1

Cold Shutdown
to Hot Critical

Load Change

Unprotected
Upsets

Vessel Multi-
Dimensional CFD

Stability and flow
studies at low
power

Stability and flow
studies at low
power

Quasi-Static
Reactor Reactivity
Balance

Asymptotic
response of
reactor

Steady-State
Lumped
Parameter Plant

Actuator control
band size studies
for load schedule

Dynamic Lumped
Parameter Plant

Time to
temperature under
natural circulation
condition
Temperature
overshoot during
operational
transients
Temperature
overshoot during
flow coastdown

The steady-state solution algorithm was modified to provide greater flexibility in the
treatment of boundary conditions. The work involved determining boundary conditions for
the initial full power steady state, calculating their values, and then calculating a steady-state
solution for other sets of boundary conditions for load schedules. Many thousands of steady-
state solutions will be needed to characterize how safety and control performance trend with
increasing autonomy. To provide for reasonable run times the solution algorithm favored
rearrangement of the model equations to obtain the solution directly rather than iteratively.

The steam generator model was improved to provide the location of the primary side
thermal center important during natural circulation transients. In the new model the once-
through counter flow steam generator is represented as three heat transfer regimes to
properly represent the thermal center.

4. PRELIMINARY RESULTS

Some preliminary results are described. They were obtained by applying the
approach of Section 2 to the optimization of safety and control performance of a reference
case plant. Here reference refers to a plant with the full complement of actuators before
actuator influence is reduced in the progression to autonomous operation. The reference case
provides a base line against which change in performance with reduction of control bands
can be compared. This comparison is to be done in the next phase of the work.

4.1 Reference Case

The reference case for the liquid-metal cooled and metallic-fueled reactor family is
shown in Fig. 1. The plant has primary and intermediate loop pumps and control rods. A
total rod worth of $0.56 covers uncertainties in getting to temperature, going critical,
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ascending to power, and in burnup reactivity loss. The result of optimizing this design with
respect to unprotected upsets and load behavior is given below. Of interest is the degree to
which core damage during unprotected upsets is eliminated.

WS.PSAT ,T SH

Fig. 1 Reference Case Plant.

4.2 Optimization

Two of the objective functions described in subsection 2.3 are to be optimized. The
first is associated with safety and the other with load behavior. The intent behind the safety
objective function is to maximize the safety margin for the worst case control system failure
or operator error. The intent behind the load behavior objective functions is to maintain
constant thermodynamic steam conditions at the turbine over all load. The objective
function is the difference between steam temperature (and separately steam pressure) and a
constant setpoint value over all load. For the base case the safety objective function is not
dependent on the parameters associated with the load behavior objective functions. One sees
this in Table H It follows that the result from the optimization over safety is unaffected by
the optimization over load behavior.

The resulting values for A, B, C and pexcess are, respectively, -15 cents, -45 cents,
-0.24 cents/°C and 0. These values are achievable by appropriate selection and arrangement

of structural materials. The value of this last parameter means that the reactor has a
nominally zero burnup swing.

4.3 Safety Margins and Load Schedule

The unprotected upset response is summarized in Table IV. The peak cladding
temperature remains substantially, about 150°C, below the sodium boiling temperature of
950°C. The load schedule shown in Fig. 2 shows that the constant steam conditions needed
were met and that other temperature swings are acceptable. The approach has led to a
design where the plant control systems work effectively and safely in conjunction with the
passive system response. The worst unprotected control system malfunctions and operator
errors appear not able to cause core damage.
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Table IV Asymptotic Temperatures for Closed-Loop Unprotected Upsets.

Case

1

2

3

4

Unprotected Upset

Chilled inlet, primary pump overspeed, rods
runout

Chilled inlet, loss of reactor flow, rods runout

Heating of inlet, primary pump overspeed, rods
runout

Heating of inlet, loss of reactor flow, rods
runout

Peak Cladding
Temperature °C

774

808

804

804

o
•450
2

fximaiyhot

supertieater steam out

300

iniermeoiaterut

primary cold

htatmedale cold

50 60 70 30
Power, %

90 100 110 70 80
Power, %

Fig. 2 Load Schedule for Reference Case Plant

5. CONCLUSIONS

A design approach was given for: (1) ensuring the plant control and safety protection
systems are designed to work effectively in conjunction with the passive system response;
and, (2) providing for the tendency of the reactor to self regulate thereby minimizing the need
for active control. This is achieved by reducing the actuator influence by exploiting a
passive counterpart to the actuator. Results were given showing the first objective can be
achieved in a liquid-metal cooled metal fueled plant with a full complement of actuators.
Future work will investigate the degree to which the second objective can be achieved. This
will be done for both liquid-metal and pressurized water families of reactors.
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