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RÉSUMÉ

On décrit les méthodes employées pour évaluer les coefficients de réacti-

vité du vide et de la température du réacteur MAPLE-X1O et on examine les

facteurs employés pour évaluer leur justesse. On présente dans ce rapport

des résultats caractéristiques d'analyse de transitoires en se servant du

programme de calcul thermohydraulique CATHENA. On examine le rôle des

coefficients de réactivité et leur précision. On examine les résultats

quant à leurs conséquences possibles pour la sûreté.
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ABSTRACT

The methods used for evaluating the void and temperature reactivity coef-

ficients for the MAPLE-X10 Reactor are described and factors used in esti-

mating their accuracy are discussed. The report presents representative

transient analysis results using the CATHENA thermalhydraulics code. The

role of the reactivity coefficients and their precision is discussed. The

results are reviewed in terms of their safety implications.
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1. INTRODUCTION

The MAPLE-X1O Reactor is currently being constructed at Chalk River Labora-
tories in Ontario, Canada as an isotope production facility and as a demon-
stration of the MAPLE research reactor technology. Extensive physics and
thermalhydraulics analyses are being performed concurrently to model a
number of postulated accident scenarios. This analysis work, is part of the
safety analysis used in reactor licensing. Work on the physics analysis is
being done both at Whiteshell Laboratories and at Chalk River Laboratories.
As well, both theoretical and experimental thermalhydraulics support for
the project is being carried out at the two AECL Research sites.

This report includes a brief description of the MAPLE-X10 Reactor, the
reactor physics methods used, and some of the preliminary results of the
analysis.

2. MAPLE-X10 REACTOR DESIGN

The MAPLE-X10 Reactor (Lee et al. 1990) is a specific version of the MAPLE
research reactor concept (Lidstone et al. 1989). It is designed to produce
specific short-lived commercial radioisotopes, such as "Mo, 125I and
192Ir, and will also demonstrate the unique features of MAPLE research
reactor technology.

The MAPLE-X10 Reactor core and reflector tank are shown in Figure 1. The
reflector tank contains heavy water and has 18 small and A large irradia-
tion holes. The core is shown in more detail in Figure 2. It consists of
19 core sites that normally contain either 36-element driver fuel in a
hexagonal flow tube or 18-element fuel in a cylindrical flow tube. The
initial core has three 12-element dummy bundles of mixed steel and aluminum
pins for reactivity reduction. The fuel is U3SiAl dispersion fuel (19.7
w/o 235U) in aluminum cladding. The total power is 10 MU. The 18-element
fuel sites may be used interchangeably with "Mo production target sites.

3. PHYSICS AND THERMALHYDRAULICS MODELLING

The physics calculation uses the lattice cell code WIMS-AECL (Donnelly
1986, Askew et al. 1966) in combination with the diffusion code 3DDT (Vigil
1970). The lattice code treats a local region of the reactor with neutron
transport theory in one or two dimensions. The WIMS-AECL models include
the environment of the lattice cell as a supercell model for most sit
models within the core. The cross sections for the cell-of-interest are
then extracted from those for the whole supercell model. This procedure
provides a more accurate neutron spectrum for the group collapsing from 32
to 5 groups for use in the 3DDT model of MAPLE-X10 Reactor. A few lattice
cells, such as the 36-element fuel in the core interior, are modelled as
simple cells, and no environment is included in the WIMS-AECL model as the
environment of this lattice cell is similar in neutron spectrum to the cell
itself.
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Once the cross sections are obtained for each local region of the reactor,
they are combined using 3DDT in a three-dimensional diffusion calculation
for the whole core plus reflector and outer structures. The MAPDDT code is
used to describe the geometry of the model and prepare the 3DDT input file.

The thermalhydraulics model of the MAPLE-X10 Reactor uses the CATHENA code
(Richards et al. 1985). The reactivity coefficients calculated with WIMS-
AECL and 3DDT provide input to a point reactor kinetics model with time-
dependent feedback, linked to the thermalhydraulics. In situations where a
multidimensional analysis is required, a two-dimensional kinetics analysis
may be performed using the code TANK (Transient Analysis with Neutron
Kinetics) (Ellis 1990).

4. METHODS OF OBTAINING REACTIVITY COEFFICIENTS

The evaluation of reactivity coefficients used for the MAPLE-X10 Reactor
point kinetics analysis require static physics models of the core and sup-
porting structures using the lattice code UIHS-AECL. Production and docu-
mentation of these models are facilitated by the use of a command proce-
dure. This procedure assembles portions of the input file defining the
WIMS-AECL model in a logical and organized manner. Batch editing and pro-
cessing command procedures automate the generation of the UIMS-AECL cross
sections at different temperature and water density conditions. 3DDT runs
using the cross sections for different conditions permit the calculation of
reactivity coefficients. Figure 3 illustrates the procedure used to gener-
ate reactivity coefficients.

An accuracy analysis was performed on the reactivity coefficients. Factors
that need to be considered in such an analysis are the accuracy of the
nuclear data and the approximations made in the calculation methods used in
obtaining keff at the different temperature and density conditions. The
latter was addressed in detail, by covering such factors as VIMS-AECL
modelling methods, various 3DDT mesh arrangements, corrections for cell-
boundary flux, analysis of WIMS-AECL and 3DDT convergence criteria, selec-
tion of weighting schemes, and Impact of curve fitting.

The accuracy analysis was done to determine uncertainties in the values of
the reactivity coefficients. This analysis was used to set bounds for the
best-estimate coefficients and thereby determine the worst-case coeffi-
cients to be used in the transient analysis. The best-estimate coeffi-
cients are the values we feel are the best obtainable after calculation and
after accuracy analysis. The worst-case coefficients are the values of the
reactivity coefficients either increased or decreased by the error bounds
estimated from the accuracy analysis. The values are increased or
decreased by a percentage error in the direction that would tend to worsen
the consequences of a simulated accident. In most cases this would mean
decreasing the magnitude of a negative reactivity coefficient and increas-
ing the magnitude of a positive reactivity coefficient. The error bounds
we determined as realistic were 10% for fuel temperature and 15? for cool-
ant and water coefficients. Comparisons of reactivity coefficients were
made in this analysis using some of the different 3DDT models discussed in
the previous benchmark study (Carlson et al. 1991). That study compared
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UIMS-3DDT with the Monte Carlo code MCNP (Monte Carlo for Neutron and
Photon Transport) (Briesmeister 1986) for kBff and channel powers in MAPLE-
X10 at the reference core conditions.

Some results of that accuracy analysis comparison are shown in Table 1.
Reactivity differences are tabulated for changes in void and temperature as
a function of the mesh specification. The void cases show the change in
reactivity in going from 2% void to 20% void. The water temperature cases
show the difference in reactivity in going from a temperature of 20°C to
90°C. The minus sign on the reactivity difference indicates a drop in
reactivity and hence a negative reactivity coefficient. The results are
given for 3DDT models using four or twelve mesh rectangles per fuelled
site. The 12-mesh case is compared with cell-average and cell-boundary
flux conditions. The 3DDT models and the cell-boundary correction are fur-
ther described in Carlson et al. (1991). The results show that the cell-
boundary correction has relatively little impact on the reactivity coeffi-
cients. However, the difference is more pronounced between the 4-mesh and
12-mesh 3DDT models. The coolant and moderator temperatures are in the 10%
to 15% range difference between the two cases. The 4-mesh coefficients
will tend to predict higher power transients than the 12-mesh model, the
latter being the more realistic representation. Although the percentage
difference is larger in the water temperature reactivity difference, which
is the sum of coolant and moderator temperature reactivity differences,
this effect is due to cancellation in the sum and does not impact the over-
all error bounds.

5. VOID AND TEMPERATURE FEEDBACK EFFECTS

The coolant void and temperature reactivity feedback effects are introduced
into the CATHENA thermalhydraulics through the point kinetics model. This
is accomplished by dividing the reactor core into eight equal axial regions
and into equivalent bundles or channels radially. Channels that have
approximately equal statistical weight and are of the same fuel type are
called equivalent. Reactivity coefficients are used with weight factors to
determine the reactivity feedback effects for the local change in fuel
temperature, coolant temperature or coolant density.

The equivalent bundle or channel weight factors were analysed by comparing
3DDT runs varying all the fuel of the same bundle type with 3DDT runs vary-
ing just fuel in equivalent channels. Tests were done for coolant tempera-
ture, fuel temperature and coolant void. It was found that total flux-
squared weighting proved superior to thermal flux-squared weighting for
channel equivalent classes. This scheme was consequently adopted.

The accuracy of using the axial weight factors was examined in detail for
coolant density changes caused by void in the coolant. Axial flux profiles
were determined for various distributions of void, and the reactivity feed-
back was determined using the local statistical weight scheme as well as
explicit 3DDT and MCNP runs with the given void distributions.
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The reactivity feedback, effects of coolant void in the axial middle third
of the MAPLE-X10 core was analysed for a range of voids. CATHENA simula-
tions predict this region as best representative of where voiding is
expected to occur during transients. The negative reactivity feedback was
determined as a function of the percent void in this region of the core.
The actual predicted value was compared with various flux-squared weighting
schemes. Results show that thermal unperturbed flux-squared weighting may
be used accurately within maximum expected voids of up to 20%. This is the
scheme adopted in the CATHENA simulations.

6. TRANSIENT ANALYSIS RESULTS USING CATHENA

The CATHENA code employs a detailed thermalhydraulic model of the core
including two-phase flow. This code provides a means to predict fuel
centre and cladding temperatures, overall reactivity and reactivity feed-
back from temperature and void, along with core powers, flow and pump per-
formance during the simulated transient as functions of time. Various
postulated accident scenarios have been analysed including loss of regula-
tion and loss of core cooling. As an example, we show in Figures 4 and 5 a
loss of regulation accident simulation.

In this scenario, the reactor was assumed to be operating in the fresh
initial state at a low power of 2 kW, room temperature conditions and
290 kg/s primary flow. The control rods were assumed to move at time zero
and insert 2 mk as a step reactivity insertion. It was assumed they froze
in this position and did not drop into the core. As well, no shutoff rods
were assumed to drop into place.

The results of the simulation are shown in Figure 4. The reactivity con-
tributions of the control rod movements, along with the feedbacks from fuel
temperature and coolant temperature, are shown in the top gr?.phs. The
bottom graphs show the total core power. The graph on the left uses the
worst-case reactivity coefficients, whereas the graph on the right shows
the results of using the best-estimate reactivity coefficients. At about
100 s after the start of the transient, the power rises to a level that
becomes visible on the megawatt scale. At about 200 s, the negative
reactivity feedback effects of coolant and fuel temperature increases
stabilize the power at about 24 MW for the worst-case coefficients. The
rise is slightly slower and to a lower level, about 17 HU, for the best-
estimate coefficients.

The predicted fuel centreline temperatures are shown in Figure 5. Here the
centreline fuel temperatures of the hottest pins in the core are shown at
eight axial positions along the 60-cm fuel length. The first four are
plotted in the top graphs and the last four in the bottom graphs. The
number of centimeters from the fuel bottom to the fuel region whose temper-
ature is plotted is indicated on each graph.

As before, the graph on the left used the worst-case reactivity coeffi-
cients, whereas the graph on the right shows the results of using the best-
estimate reactivity coefficients. The fuel centreline temperatures are
higher using the worst-case coefficients by about 20DC.
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7. SUMMARY

The role of the reactivity coefficient evaluation is central to the transi-
ent analysis simulation process. The physics methods described are used
together with the thermalhydraulics to predict simulated transient behavior
that is essential to both reactor design and licensing. The statistical
weighting scheme used, whether thermal flux-squared or total flux-squared,
must reflect as closely as possible the actual reactivity feedback, for
varying temperature and density conditions throughout the core regions as
predicted by the thermalhydraulics.

Accurate knowledge of the reactivity coefficients will provide a basis for
determining the safety characteristics of the MAPLE-X10 Reactor. Here we
have seen the results of the transient analysis with both best-estimate and
worst-case reactivity coefficients. The results show that a careful analy-
sis of the accuracy of the reactivity coefficients is necessary to ensure
that the transient analysis predictions are the best available.
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TABLE 1

IMPACT OF 3DDT MODELLING METHODS ON REACTIVITY COEFFICIENTS

All Fuel

Coolant Void

2 to 20%

Total Void

2 to 20%

Coolant Temp

20 to 90°C

Fuel Temp

50 to 500 °C

Water Temp

20 to 90 °C

Moder Temp

20 to 90°C

Reactivity Differences (mk)

4-mesh

-35.98

-46.32

-3.81

-4.67

-1.42

2.39

12-mesh

-34.57

-44.79

-4.22

-4.53

-2.19

2.03

12-mesh
cell-bdy

-34.85

-46.20

-4.33

-4.72

-2.29

2.04
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FIGURE 1: A Schematic Diagram of the MAPLE-X10 Reactor
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FIGURE 2: A Detailed Schematic Diagram of the MAPLE-X10 Core
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PRODUCING REACTIVITY

COEFFICIENTS

Fuel temperature
Coolant and water temperature
Coolant and water voids

Batch Edit

Generate WIMS-AECL input for
all reactor materials containing
fuel, coolant or moderator
at specified temp/void conditions

Run WIMS-AECL Cases

Process cross-section data
produced with the cross-section
utility codes and incorporate into
MAPDDT - 3DDT cross sections

Run 3D0T Case

Produce k-H and Powers
Use k eff differences to determine
Reactivity Coefficient values

FIGURE 3: Procedure Used to Generate Reactivity Coefficients
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Reactivity Feedback for Loss of Regulation at 2 kW
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FIGURE 4: Reactivity and Power for Loss of Regulation at 2 kV
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FIGURE 5: Centreline Fuel Temperature for Loss of Regulation
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