Using a Chemical Engineering FORTRAN Code to Develop A
PC-Based Simulator for Accelerator-Driven Subcritical Systems

(ADSS)

Patrick G. Sullivan, P.E.
University of Virginia
903 Barker Hill Road
Herndon, Virginia, USA 20170-3015
Telephone 703-481-8565
Email : p.sullivan19@verizon.net

Abstract
Therehas ben subgantial interest in accderator-
driven subaitical systems (ADSS) for producing
power and for destruction of high-level radiocactive
waste However, thereare questions abaut the best
way to contra such a system throughout its fue
cycle Nuclear reactor technaogy is now decades old
and thetechnique of contralling reactors by
contralling reactivity using contra rods, to assure
safe and reliable operation isunderstood well enough
tousereactorsin civilian public utilities.

Thedynamics of aneutron-source-driven subaritical
reactor aredifferent and faster than those of acritical
reactor, and control of the source can also beused.
Thisrequires detailed system level modding. Nating
that, at atop-leve view, that an ADSS must contain
many of the same components and concepts as a
chemical process system Band nating that thereis
much published software code available which modd
these components and concepts for chemical process
systems it seems reasonableto inquirewhether such
code might beusefully applied to modd ADSS
dynamics. This paper presentstheresults of this
inquiry and proposes further study.
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1.0 Introduction

Earlier research by Woosley and Rydin [1, 2] has
shown that accelerator-driven subcritical systems,
while a promising technology, pose
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challenging control problems because of fast power
response and possible oscillatory instabilities
resulting from time-delayed thermal feedback.
Specifically, the power level becomes a sensitive
function of the level of subcriticality of the reactor,
meaning that dynamic power swings can be very
large when the system is operated near the critical
state. Furthermore, temperature-driven reactivity
feedback occurring during these swings can possibly
drive the system supercritical under some operating
conditions.

A system-level model of an ADSS-driven

power plant that illustrates control issues requires a
model which can adequately represent the neutron
dynamics component, the thermal hydraulics
component, the power demand component, and the
interaction between the components. While nuclear
reactor codes are available which can be adapted for
this purpose, they tend to be computationally
expensive and inaccessible to individual
investigators. For various reasons, including scoping
studies for early design and for educational purposes,
this investigation undertook to develop a platform-
independent set of computational tools for simulating
ADSS dynamics and control responses which could
be hosted on a desktop PC or even a laptop computer.

The approach taken was to use published chemical
engineering code routines, designed for chemical
reaction process simulation and control, as the
building blocks for an ADSS simulation. Chemical
engineering codes were located which were
apparently capable of modeling, at least at a system
level, processes which can also be identified in ADSS
systems, including species generation, heat
generation and removal, mass and energy flow, and
time delay. A rich source of such codes was the book
Modeling and Simulation in Chemical Engineering
by Roger G. E. Franks [3], which describes and
provides the so-called “DYFLO” simulation system
for chemical process simulation. While the book is



far from being recent (1972), to the extent that the
FORTRAN must be updated to work with current
compilers, it is frequently cited as a classic in the
modeling of unsteady-state chemical-reaction process
simulation in chemical engineering research papers,
and is still in print. For the reasons mentioned above,
the DYFLO routines appeared to be a reasonable and
readily usable candidate for adapting to ADSS
system-level modeling.

2.0 Background

2.1 Concept

The notional ADSS power-plant design used to
develop the model consists of:
(1) A neutron source, consisting of a
proton accelerator and a target;
(2) An Active Multiplying Region (AMR)
or “core” of fissile material;
(3) A heat removal system;
(4) An external power demand.

A nuclear power plant can be represented as a system
of differential equations, representing power
production and heat removal. Nuclear reactor
dynamics are frequently represented by the well-
known “point kinetics” equations [4,5], with a single
effective group of delayed neutron precursors, viz:
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P represents power, proportional to neutron
flux times macroscopic fission cross section,
C represents delayed-neutron precursors,

I' is the precursor decay constant,

" is the reactivity, (k — 1)/k, or degree of
subcriticality, where " = 0 for critical,

# is the fraction of delayed neutrons,

$ is the prompt neutron generation time,

S represents source neutrons.

The Point Kinetics equations are a representation of a
nuclear reactor averaged over volume; i.e. they do
not take time-dependent spatial effects into account.
They are derived from the time-dependent neutron
diffusion or transport equation using appropriate

importance weighting. S is an effective external
neutron source term, especially significant in an
ADSS discussion.

Without going through a detailed derivation, the
time-dependent point kinetics equations are derived
from the diffusion equation using three simplifying
assumptions:

1. The time dependence of the flux

" (I‘,E,t) is assumed to be separable
from its space and energy dependence:

" (r,E,t) = P(1y#(r,E):

2. The effective neutron balance is
calculated from the initial flux
distribution and importance;

3. The macroscopic cross sections are
assumed to be independent of time but
are incorporated into the time-
dependent reactivity definition.

Separating the neutron flux into a purely time-
dependent amplitude function, and weighting and
integrating over volume by initial flux and
importance, leads to the point kinetics formulation.
The initial spatial power distribution is then simply
modified using a time-dependent amplitude.

The Active Multiplying Region or “core” produces
heat energy Q. The time rate of production of heat

energy 7 is power P. With no heat removal, heat
t

energy deposited in the core results in a temperature

rise:
A
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Differentiating each side with respect to time yields a
simple differential equation:
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which can also be rearranged as
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Considering heat removal:

Energy deposited in the core = Energy in — Energy
out

So

quel = Qnuclear - Qremovec ’ (6)

where
Qper =MiC(" T, 7



Differentiating each side with respect to time yields a
power balance:
de =p" eremoved (8)

dt dt

Assuming the core is in contact with a heat sink of
some sort:

d
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where
U, = the core-heat sink heat transfer
coefficient
A, = the effective core heat transfer area
T, = the average temperature of the core
T. = the average temperature of the coolant
heat sink.

This yields the expression

dT
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Similar equations can be derived for heat pickup in
the coolant, and heat transfer to the secondary coolant
in the steam generator, and subsequent removal of
energy in a steam turbine. A simplified block
diagram of this system with its reactivity feedback
and external controls is shown in figure 1.

Inspection of this set of differential equations
indicates that it is of the form

dx
- Al B(x! Q). 12
m ( ) (12)

Solutions to this set of differential equations will be
exponentials, leading to a damped or growing,
possibly oscillatory, response. With a step increase
in power, this solution approaches a constant, but not
immediately, indicating an exponential time lag for
fuel temperature. Time delays in the coolant pipes
bring back delayed temperature feedback out of
phase with the rest of the system response.
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Figure 1. Schematic Block Diagram of an ADSS
System

2.3 Model Code

DYFLO was designed to simplify the task of
simulating the dynamic behavior of chemical process
units, either singly or combined into a system. The
concept was to provide a library of several dozen
unit-operation subroutines (e.g. fractionation
columns, heat exchangers, chemical reactors, etc.)
based on an underlying library of numerical-
integration subroutines. The numerical integration
subroutines (which in one case, had to be renamed
because the original subroutine name INT(X, DX)
resembles the current FORTRAN library function
INT(X) too closely) support numerical integration up
to 4™-order Runge-Kutta (RK4). RK4 is used to solve
the differential equations in this case.

2.4 Issues with Controlling an ADSS

The ADCSTR model has several functional blocks:
(1) Input/Output (runtime, from screen)
(2) Option selection (runtime, from screen)

which allows user selection of the
following contingencies:
a. Pulsed or CW source
i. If pulsed, what
frequency
ii. If pulsed, what duty
cycle
b. Sinusoid reactivity
i. If sinusoid, what
beginning time
ii. If sinusoid, fractional
amplitude relative to
initial reactivity
iii.  If sinusoid, frequency
c. Reactivity jump transient (2
steps)



i. If selected, time and
reactivity of first and
second jumps

d. Reactivity ramp transient

i. If selected, times for
beginning and end
and rate of increase of
transient

e. Pump trip/restart transient

i. If selected, times for
pump trip and restart
(constants for
exponential coast
down and restart are
set in the current
version of the code
for convenience, but
could be user-input)

f. Beam trip/restart transient

i. If selected, times for
trip and restart

ii. Proportional and
integral (PI) control
selectable for restart

g. Time delay for reactivity
control

h. Temperature reactivity
feedback coefficient

i.  Temperature reactivity
feedback delay (per [6])

J-  Heat exchanger/steam
generator loop balance delay

k. Demand jump transient

(3) Differential equation solver block.

3.0 Initial Results

Initial results appear promising. Several transient
scenarios have been modeled to test the software and
to show the effects of delays in heat balance and in
control response. At least two control inputs are
possible with an ADSS — source strength (proton
beam current) and reactivity. Both can be modeled
for a point-reactor model using this technique,
showing the very fast power response indicated by
earlier research and the effect of delays.

One of the transients modeled is a beam off/on trip
[6], from an initial system subcritical state, for a
given trip duration. Sample results are shown in
figure 2. When the beam goes off, the coolant
temperature begins to fall because the secondary
system continues to remove the heat. This action
results in a decrease in core temperature and coolant

temperature, which cause separately delayed fuel and
moderator positive reactivity feedback effects (top
curve). When the beam goes back on, the power
produced (bottom curve) is much higher than that

produced before the trip since P(t) ~" S(t)/ ! (t).

In the specific case shown, the feedback temporarily
takes the core into the delayed-critical state, k < 1+#,
which causes a very large power overshoot until the
new negative feedback from higher power production
brings the system back to steady state.
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Figure 2: ADSS power and k., with source trip at
time = 300 seconds and source restart at same source
level 100 seconds later.

If this system was initially operated too close to the
critical state, the response could have been driven
into the dangerous prompt-critical or power-
excursion range. Hence, this simulation tool has the
ability to explore the question of where the operating
state should be set, and what types of beam trip
transients can be tolerated, and more importantly how
these effects might be mitigated with proper control.

Another example is a sudden change in reactivity
caused by a fast movement of the control rods out of
and then back into the core, as shown in figure 3. In
this case, the initial reactivity change is then modified
by the increased negative feedback reactivity (upper
curve). The power increases initially (lower curve)
but then decreases due to the negative reactivity
feedback. The opposite effect occurs when the
control rods are moved back to their initial positions.

Interesting possibilities occur when both the source
strength and the control rods are used together for
control purposes.



REACTIVITY JUMP, INITIAL RHO = -.05, REACTIVITY RETURNS TO -.05 AT
T=400, TEMP FEEDBACK = .0001, MINIMAL DELAYS
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Figure 3: ADSS power and k., from a steady state
condition with temperature reactivity feedback. At T
= 300 seconds reactivity jumps from -.05 to -.01, and
100 seconds later reactivity is decreased back by the
same amount.

Other simulations show that time delays in the
coolant pipes can cause a reactivity induced power
oscillation to occur. Even if the system remains
stable, such swings in power can be detrimental to
the system components because of thermal cycling
effects. Hence, oscillations must be damped out by
some means if they occur.

4.0 Further Research

The current system representation is a system of six
differential equations, but there is no problem to
increasing the complexity of the model by adding
more detail to the primary or secondary system.
Further work will take the model from a single-
element core to a three-element core to increase
granularity of control response and to better represent
the effect of transport delays of feedback. Variable
pipe delay times will be studied to determine how
they affect power oscillations.

One control idea under study is to begin moving
control rods into the core after a beam trip occurs,
and then moving the rods back out after the beam
goes on again. This will compensate for some of the
positive reactivity feedback shown in figure 2 that
occurs when the power goes off to minimize the
power overshoot when the beam goes back on.

A similar strategy of lowering the source strength
when a partial coolant pump trip or partial load loss
is detected can be applied to minimize the power
swings that occur from reactivity feedback to
minimize thermal cycling without undergoing
complete shutoff and subsequent restart.

Finally, the possibility of using small periodic
square-wave changes in source strength to dampen
detected power oscillations can be studied.

The platform that the initial code implementation was
hosted on was initially a 400MHz iMac PowerPC G3
with MacOS 9.2, using the Absoft PowerStation 5.0
FORTRAN 77/90 compiler. The code and compiler
was later moved to a more current iBook G4 laptop,
running on MacOS 10.4 in “Classic” (emulated Mac
0S9) mode. The only new problem that was
observed was that source files for compilation had to
be created and saved using the Absoft editor in
Classic mode; if they were created and saved using
any of the MacOS 10.4 text processing applications,
the Absoft compiler user interface was unable to
locate the file, which was only a minor inconvenience
once the problem was found to be solvable by only
using the Absoft editor to create source files.
Ultimately a MacOS 10-compatible compiler may be
needed, since the new Intel-processor Macintosh
computers do not support “Classic” mode.

Results are imported into an Excel spreadsheet for
making graphs. A future upgrade, either under
MacOS 9 or with an upgraded compiler, may be to
automate the problem so that it is invoked by an
Excel spreadsheet and graphs are produced
automatically. Also, Visual Basic for Applications
can be used for small-scale scientific programming.
It might be possible to rewrite the code as an Excel
Visual Basic for Applications (VBA) application.

5.0 Summary

The purpose of this work has been twofold:

1) to determine if a new tool for usefully
modeling ADSS dynamic behavior could be
based on readily available computer code;

2) to use this tool to explore some adaptive
control strategies using both control rod
movements and source strength changes to
minimize power swings and oscillations
during various expected system transients.
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