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ABSTRACT

ARCL Is currently building the 10-MV APLE-XIO
reactor at the Chalk River Laboratories to operate as
a dedicated producer of commerclal-scale quantities
of key medical and ndustrial radioisotopes and as a
demonstration of the MAPL.R reactor design. In
support of the safety and licensing analyses, static
physics calculations have been performed to determine
the neutronic performance and safety characteristics
of the APLE-XIO reactor. This report summarizes
results from the static physics calculations for
several core conditions prior to commencing
radioisotope production.

1. INTRODUCTION

Atomic Energy of Canada Limited (AECL) is currently undertaking a Research
Reactor Rationalization Program [1) hich ill define AECL's research
reactor capabilities for the next ten to fifteen years. This
rationalization program has been initiated to address several issues:

1. AECL's current research reactors, NRX and NRU, have operated for
44 and 34 years respectively. These reactors are ageing and are
in need of rehabilitation or replacement.

2. There is a growing demand for radioisotopes hich has increased
the number of radioisotope targets installed in the prime
irradiation space in the NRU and NRX reactors.

3. The CANDU power reactor has achieved a successful operating and
maintenance record and the demands for supporting research have
changed significantly.

1. These authors are located at the Chalk River Laboratories, Chalk River,
Ontario, Canada.
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One major step in the rationalization program has been to develop the MAPLE
reactor 12,3] to meet contemporary Canadian and international requirements
for modest-cost, ultipurpose neutron sources. The basic MAPLE design is a
D20-reflected, H20-cooled and H20-moderated pool-type reactor that
efficiently produces tailored neutron fluxes at a variety of irradiation
facilities.

ARCL is presently building the ten-megavatt prototype KAPLE-X10 reactor 41
(see Figure 1) at the Chalk River Laboratories. This reactor vill operate
as a dedicated producer of commercial-scale quantities of key medical and
industrial radioisotopes and as a demonstration of MAPLE technology. Once
the APLZ-X10 reactor begins operation, the-NRX reactor vill be
decommissioned.

To complete construction and install all safety-related equipment (51, the
Preliminary Safety Analysis Report is required. In support of the safety
and licensing analyses, physics calculations have been performed to
determine the neutronic performance and safety characteristics of the
MAPLE-XIO reactor. This report summarizes the static physics calculations
for the Initial core and for the equilibrium LU-fuelled core.
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Figure 1: MAPLE-X10 Reactor Building
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2. MAPLE-XIO DESIGN

The MAPLE reactor design 2 3 has 19 core sites which can accommodate
hexagonal 36-rod fuel assemblies, cylindrical 18-rod fuel assemblies and
various target assemblies and which is surrounded by a D20 reflector. For
the MAPLE-XIO reactor 4 the core configuration consists of 10 hexagonal
sites and nine cylindrical sites, and the D20 reflector Includes 
irradiation sites to accommodate 60-mm diameter target assemblies and four
230-mm diameter sites for silicon irradiations. At a reactor power of
10 M, this combination of irradiation facilities is sufficiently flexible
to produce the necessary quantities of radioisotopes and provide for
efficient driver fuel management. The APLE-XIO reactor is described In
detail in reference 4 and summarized In Table 1. Figures 2 and 3 how some
key features of the reactor.

The fuel meat for the 36-rof3end 18-rod fuel assemblies is composed of low-
enrichment (about 19.7 vtZ U In total uranium) USi particles dispersed
in an aluminum matrix; it is coextrusion clad ith aluminum to form finned
rods. This fuel has been developed by ACL for use in the NU, KAPLB-XIO,
and other MAPLE reactors. The performance of the U3SI-Al fuel has been
excellent, with up to 93 percent burnup of initial fissile material being
achieved at very high power ratings (in excess of 100 Mm) ithout any
defects. Table 2 summarizes the description of the fuel.

The MAPLE-XIO design relies on two safety systems. one safety system (SSI)
relies on hydraulically-actuated pistons to poise a set of cylindrical
hafnium absorbers above the fuel region. When inserted into the core,
these hafnium absorbers envelop the fuel in three symmetrically located
circular flow tubes. The second safety system (SS2) operates three
electromagnetic latches on the support shafts for the hafnium absorbers
used by the reactor regulating system RS) and triplicated valves hich
enables the D20 to be partially drained from the reflector tank. The
hafnium absorbers have been designed so that fuel changing can proceed
without the need to disable the control or safety systems. In accordance
with Canadian regulatory practice, the two least effective absorbers in
each of SS1 or SS2 must be able to shut down the reactor and maintain the
reactor in a stable sub-critical state for an indefinite period hen all
other absorbers are removed from the core. Additional shutdown margin is
provided in SS2 by partially draining the D20 from the reflector tank.
This provides a highly diverse method of reactivity removal that ensures
reactor shutdown in the (unlikely) event that a common-mode failure
prevents the insertion of the hafnium absorbers.

Short-term reactivity control is achieved through the RRS hich moves three
hafnium absorbers in symmetrically located positions in the core. The
reactivity worth of the hafnium absorbers are described in Section .

Long-term reactivity control is achieved by fuel management. The fuel
management philosophy is described in Section 4.
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Figure 2 APLE-X10 Reactor Structure
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TABLE I

MAPLE-X10 REACTOR SPECIFICATIONS

GENERAL
Reactor Type open-tank-in-pool
Fuel lov-enriched U3Si-A1 in

18-rod and 36-rod assemblies
Coolant H20

Primary Reflector D20

Reactor Regulation System (RRS) 3 cylindrical hafnium absorbers
operating in sites containing
18-rod assemblies

Safety System I SSI) 3 cylindrical hafnium absorbers
operating in sites containing
18-rod assemblies

Safety System 2 (SS2) magnetic-latch-release override
of RRS absorbers and partial
draining of D20

Total Fission Pover (MW) 10.4
Heat Removed by Primary Coolant 10.0
System (MW)
Heat Removed by D20 Reflector 0.4
System (MW)

REFLECTOR VESSEL
Shape annular vertical cylinder
Material zirconium-alloy
Vessel Outer Diameter (mm) 1612
Outer Wall Thickness (mm) 6
Vessel Inside Height (mm) 900
Tubesheet Thickness (mm) 12

(top and bottom)
Inner Wall Inside Diameter (mm) 410 (nominal)
Inner Wall Thickness (mm) 6
Irradiation Holes 18 4

inner diameter (mm) 60.0 233.0
outer diameter (mm) 64.0 237.0

REACTOR CORE
Driver Fuel Sites 10
Reactivity-Control Sites 6
In-Core Irradiation Sites 3 (typically)
Total Core Sites 19
Lattice type Hexagonal
Lattice Pitch (mm) 80.1
Effective Core Radius (mm) 183.22
Inlet Temperature C) 35 (typically)
Outlet Temperature C) 45 (typically)
Average Fuel Temperature (OC)

36-rod assemblies 130
18-rod assemblies 177
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TABL 2

FUEL ASSEMBLY DESCRIPTION

DRIVER FUEL ASSEMBLY

Shape Hexagonal
Number of rods/assembly 36
Flow tube diameter
(flat to flat) (mm)

- inner 74.40
- outer 77.60

Mass of ranium (g) 2166.5
Mass of 35 U (g) 426.8
Initial linear fissile
content (g 23 U/mm) 0.72

Rod pitch (mm) 12.0

CIRCULAR FUEL ASSEMBLY

Shape Cylindrical
Number of rods/assembly 18
Flow tube diameter (mm)

- inner 60.0
- outer 62.5

Mass of uranium (g) 1083.3
Mass of 2 3 5U (g) 213.4

Initial linear fissile
content (g 2 3 5U/mm) 0.36

Rod pitch circle radii (mm)
inner 12.0
outer 24.0

3. CALCULATIONAL METHODS

Several computer codes, WIMS-AECL 6 3DDT 17], MCNP 18], are used to
investigate the static behaviour of the MAPLE-X10 reactor and to determine
the neutronic performance of the reactor.
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Figure 3 MAPLE-X10 Initial Core Arrangement And
Reflector Tank Irradiation Sites

3.1 WIMS-AECL And 3DDT Codes

The Winfrith Improved Multigroup Scheme (WIMS 9 is a multigroup neutron
transport code that solves the neutron transport equation using either
discrete ordinates methods or collision probability methods to prepare
cell-averaged macroscopic reaction cross section data and to perform fuel
burnup calculations. A copy of this code was transferred to ARCL here it
has undergone extensive modifications. The AECL version of this code,
WIMS-AECL, utilizes an 89-group cross-section data library hich has been
compiled from the ENDF/B-V data library. Each of the cells in the 3DDT
model are analyzed ith the WIMS-ARCL code to obtain the macroscopic
reaction cross section data that are flux and volume eighted for the
various materials. All of the materials contained ithin the cell and the
reactor conditions around the cell are simulated in the WIMS-AECL models.
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AECL uses the 3DDT three-dimensional neutron diffusion code to perform
reactor calculations. AECL has developed an interface code, MAPDDT to
facilitate preparation of the geometric description of the reactor model
and to incorporate macroscopic reaction cross section data from the VIMS-
AECL calculations for use in the 3DDT calculations. A three-dimensional
model is created by representing the MAPLE-X10 reactor as a series of
rectangular cells in the XY-plane and superimposing many XY-planes to
represent the Z-direction. The 3DDT calculations are used to determine:

- neutron flux distributions in five energy groups,
- power distributions in the fuel assemblies,
- fuel temperature reactivity coefficient,
- water temperature reactivity coefficient,
- void reactivity coefficient,
- fuel burnup and
- reactivity worths of the fuel assemblies, hafnium absorbers and

radioisotope targets.

3.2 MCNP Code

MCNP is a generalized geometry Monte Carlo code used to perform neutron and
photon transport calculations. This code uses Monte Carlo theory to solve
the neutron transport equations and uses a pointwise continuous cross-
section data library based on NDF/B-V. The generalized geometry
capabilities make it possible to construct a very detailed and realistic
model of the MAPLE-X10 reactor. MCNP is used to analyze specialized
aspects of the MAPLE-XIO reactor which are not well-suited to analysis with
WIMS-AECL and 3DDT, e.g., reactivity worth of D20 dump. As well, MCNP is
used to independently verify some of the results obtained from the IMS-
AECL/3DDT computations by determining the same characteristics with a
different calculational method.

MCNP is used to determine:

- heat deposition in the structural materials (e.g., flow tubes,
inner wall of the reflector tank, absorbers, etc.),

- power distributions in the individual fuel rods,
- reactivity worths of the reactivity-control devices and
- neutron flux distributions.

4. FUEL MANAGEMENT

The initial core loading has been defined to consist of 10 36-rod fuel
assemblies, six 18-rod fuel assemblies located in the SSI and RRS sites and
three dummy target assemblies in the inner circular sites. During the
transition to the equilibrium core, the dummy assemblies will gradually be
replaced with 18-rod assemblies as the initial fissile load is depleted.
Once the equilibrium core fuel management scheme is demonstrated
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commercial-scale radioisotope production will commence and radioisotope
targets will replace various 18-rod fuel assemblies. To provide
information for the safety analyses, three core conditions have been
analyzed in detail:

Initial core 10 fresh 36-rod fuel assemblies, six fresh 18-rod
fuel assemblies and three dummy target assemblies,

Four-day core Same configuration as the initial core but with
four full power days of burnup and equilibrium
xenon concentrations, and

Equilibrium core - 10 36-rod fuel assemblies and nine 18-rod fuel
assemblies ith equilibrium xenon
concentrations and fission-product
distributions appropriate to the equilibrium
fuel management scheme.

WIMS-AECL/3DDT calculations show that the linear power ratings in the 36-
rod and 18-rod fuel assemblies have similar values in the initial core and
peak at about 80 k/m. These peak ratings reduce to about 71 Wm for the
four-day core. The linear power ratings in the equilibrium core have
similar peak values.

Operating the MAPLE-X10 reactor as a dedicated radioisotope production
facility will involve brief shutdowns for target replacement. These
frequent shutdowns provide the opportunity to develop a unique refuelling
strategy. Instead of replacing several fuel assemblies to provide
sufficient excess reactivity for several weeks at full power, fuel
assemblies ill be shuffled on a weekly basis to maintain the available
excess reactivity within a narrow range. Also, since there is considerable
symmetry in the core, two interlaced refuelling patterns can be maintained,
one for the 36-rod fuel assemblies and one for the 18-rod fuel assemblies.
This refuelling strategy allows the scheduling of major shutdowns to match
experimental program requirements.

For the management of 36-rod assemblies, the MAPLE-X10 core is divided into
three zones (see Figure 3 the outer zone with six 36-rod sites, the inner
zone with three 36-rod sites and the centre zone ith one 36-rod site. The
refuelling strategy involves replacing the oldest fuel assembly in the
outer zone with a fresh fuel assembly, hich in turn replaces the oldest
assembly in the inner zone, hich then replaces the fuel assembly in the
centre zone. This fuel replacement scheme Is estimated to add about 15 mk
to the core. To limit the magnitude of changes in reactivity due to this
fuel replacement scheme, it is expected that each step in the three
assembly shuffle will be performed at intervals of about five days, here
between and 9 mk will be added.

For the management of 18-rod assemblies, the MAPLE-XIO core is also divided
into three zones: zone A consists of the three RRS sites, zone consists
of the three SSI sites, and zone C consists of the other three sites ith
circular flow tubes. The fuel replacement strategy involves replacing the
oldest 18-rod assembly in zone A with a fresh 18-rod assembly, which in
turn replaces the oldest 18-rod assembly in zone B, which then replaces the
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oldest 18-rod assembly in zone C. This three assembly shuffle is estimated
to increase the core reactivity by about 13 mk. Like the 36-rod fuel
replacement scheme, the 18-rod fuel shuffles ill occur in intervals of
about five days so that the reactivity addition at each step can be limited
to between and 7 mk.

The complete fuel replacement pattern consists of five 18-rod fuel shuffles
for every four 36-rod fuel shuffles and repeats itself with a period of 54
weeks. Once radioisotope production commences, the 18-rod fuel assemblies
will be replaced by fissile radioisotope targets as required to meet
production quotas. The target replacement frequency ill be determined by
the radioisotope production requirements. Although there may be some
change in the frequency with which the 36-rod fuel assemblies need to be
replaced, its refuelling scheme ill be the same. Indicative calculations
show the reactivity addition for the 36-rod fuel assemblies ill be in the
5 to 9 mk range with radioisotope targets installed.

5. RRS ABSORBER WORTH PROFILES

To validate the five-group (four-mesh) WIMS-AECL/3DDT calculational method
for determining the reactivity worths of the absorbers, CNP was also used
to calculate the reactivity worths of the RRS absorbers as a function of
position for the initial core, with additional aluminum displacers
surrounding the three dummy assemblies. Table 3 summarizes the comparison
of MCNP and WIMS-AECL/3DDT calculations. The IMS-AECL/3DDT results sho a
positive reactivity bias with respect to the MCNP results. VIMS-AECL/3DDT
calculations have also been performed with finer mesh spacing and more
energy groups to investigate the effect of more detailed modelling.

TABLE 3

COMPARISON OF MCNP AND IMS-AECL/3DDT REACTIVTTTRR

CONTROL ABSORBER MCNP WIMS-AECL/3DDT
POSITION (mm) Reactivity k) Reactivity (mk)

0.0 -90.165 2.87 -78.15
73.9 -79.525 3.55 -68-65
137.3 -62.151 3.11 -48.79
200.6 -37.086 2.88 -19.71
264.0 -2.1817 2.80 9.76
301.0 12.6519 1.85 25-22
355.0 33.7725 2.70 44-03
414.1 51.6869 2.23 59.87
473.3 61.255 1.98 71-50
532.4 71.0714 2.35 79.34
591.5 78.7291 2.00 83.95
708.0 79.294 2.13 85.74
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The axial profiles of the reactivity vorths of the RRS absorbers are shown
in Figure 4. The zero position is defined with the absorbers fully
inserted into the core. The difference between the initial core and four-
day core represents four full power days of burnup and equilibrium xenon
concentration. The absorber worths in the equilibrium core are predicted
to be slightly smaller than the four-day core but ith a similar profile.
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Figure 4 RRS Absorber Worth Profiles

6. SAFETY SYSTEM REACTIVITY ORTHS

MAPLE-XIO has to sets of three hafnium absorbers for SS1 and SS2,
respectively and Canadian licensing practice requires that the reactor be
held in a subcritical state by the two least effective absorbers in either
SSI or SS2 for an indefinite period of time, where the subcritical state
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has been defined as k-effective less than or equal to 0.990. In addition,
SS2 partially drains the D20 from the reflector tank in response to reactor
trips. This additional shutdown capability has been added to SS to
provide a highly diverse method for reactivity removal in the (unlikely)
event that the hafnium absorbers fail to insert into the core.

6.1 SSI And SS2 Hafnium Absorber Reactivity Worths

WIMS-AECL/3DDT calculations were performed to determine the reactivity
worths of the hafnium absorbers for the initial core, for the four-day and
for the equilibrium core. These are summarized in Table 4.

TABLE 4

MAPLE-XIO k-effective VALUES AND EXCESS REACTIVITIES

Position Position Initial Core Four-Day Core Equili rium
of SS2 of SSI k-eff Reac. k-eff Reac. k-eff Reac.

all out all out 1.07319 68.2 1.02606 25.4 1.01989 19.5

1 in, 2 out all out 1.03228 31.3 0.98775 -12.4 0.98395 -16.3
all out I in, 2 out 1.03230 31.3 0.98779 -12.4 0.98674 -13.4

2 in, out all out 0.98474 -15.5 0.94194 -61.6 0.94010 -62.7
all out 2 in, 1 out 0.98473 -15.5 0.94200 -61.6 0.94396 -59.4

all in all out 0.91697 -90.6 0.87761 -139.5 0.87594 -141.6

all out all in 0.91692 -90.6 0.87778 -139.2 0.88456 -130.5

all in all in 0.74567 -341.1 0.71500 -398.6 0.73021 -369.5

From Table 4 the reactivity worth of the two least effective absorbers in
SSI are:

Initial core 83.7 k
Four-day core 87.0 mk
Equilibrium core 78.9 mk

From Table 4 the reactivity worth of the two least effective absorbers in
SS2 are:

Initial core 83.7 mk
Four-day core 87.0 mk
Equilibrium core 82.2 mk
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6.2 D20 Dump Reactivity Worth

Figure shows the reactivity worth associated ith lowering the level of
the D20, as calculated with MCNP. The calculations were performed for the
initial core, with the RRS absorbers located at the core mid-plane (i.e.,
450 mm level). The solid line in Figure Is a curve fitted to the NCNP
calculations. Based on the reactivity changes shown in Figure 5, lowering
the D20 by about 480 mm ill provide the same shutdown margin as inserting
two hafnium absorbers from either SSI or SS2.
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Figure 5: D20 Dump Level Reactivity Worth
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7. XENON-DEPENDENT REACTIVITY

The reactivity worth of the equilibrium 3 Xe concentration has been
estimated to be 36.5 mk for the four-day core. Calculations predict that
the reactivity worth of the equilibrium 135 Xe concentration will decrease
to about 34 mk for the equilibrium core. This effect results from some of
the differences between the initial and four-day cores and the equilibrium
core (e.g., more fuelled sites producing the 10 NV, so the average neutron
flux in the fuel Is slightly lower than in the initial core).

From Table 4 It is observed that the four-day core is 61.6 A suberitical
with two hafnium absorbers from either SS1 or SS2 inserted. Since the
13 5Xe reactivity worth is only 36.5 mk, this cori ill remain subcritical
(i.e., k-effective less than 0990) after the 3Xe has decayed away.
Similarly the equilibrium core ill remain subcritical with only two
absorbers from SSI or SS2 inserted after the xenon has decayed away.

8. REACTIVITY BALANCE

As the MAPLE-XIO reactor will be operated for commercial-scale production
of radioisotopes, there ill be short shutdowns to replace radioisotope
targets and fuel. As discussed in Section 4 fuel shuffling will be
controlled to add reactivity in increments of to 9 mk at intervals of
about days. Hence, the end of cycle excess reactivity ill differ from
the beginning of cycle reactivity by only to 9 mk. As noted above, the
reactivity worth of the equilibrium 1 35 Ke concentration will vary from
about 36.5 mk for the four-day core to about 34 ak for the equilibrium
core. If the reactor is started up from an ambient temperature of 209C,
there will be a reduction of about 3 mk in core reactivity during the
transition to normal operating fuel and ater temperatures. If the reactor
is started up from a ater temperature of 350C the reduction in reactivity
during the transition to normal operating fuel and ater temperatures will
be about 1. A A reactivity reserve of 12 to 15 mk, depending on the
fuel shuffle scenario, ill be maintained for overriding the xenon
transient following a short shutdown period. The total available excess
reactivity will be maintained at about 69 mk. This ensures that the
reactor is subcritical by at least 10 mk hen the to least effective
absorbers of either SS1 or SS2 are inserted into the core.

9. REACTIVITY COEFFICIENTS

Table 6 summarizes the reactivity coefficients for the initial core, the
four-day core and the equilibrium core. In Table 6 the reactivity
coefficients for the H20 coolant and the 20 (referred to as moderator) in
the spaces between the flow tubes have been separated. The total
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reactivity effect from heating of the H20 is the sum of the to components.
The average fuel temperature reactivity coefficient for fuel temperatures
between 50 and 5009C are 0.01016 k/*C, 001024 k/OC and -0.0105 k/6C
for the initial core, four-day core and equilibrium core, respectively.
The average H20 (i.e., combined coolant and moderator) temperature
reactivity coefficient for 20 temperatures betveen 40 and 1009C are
-0.1388 mk/-C, 01275 mk/OC and 0.0936 zk/6C for the Initial core, four-
day core and equilibrium core, respectively.

10. SUMMARY

For the MAPLE-XIO reactor, the static physics calculations have shovn that
the axial reactivity-vorth profiles of the RRS hafnium absorbers have
similar shapes for the Initial core, the four-day core and the equilibrium
core. Calculations have also demonstrated that fuel management can define
core loadings to ensure that the reactor to maintainable In a suberitical
state for an indefinite period of time vith only to hafnium absorbers from
either SSI or SS2 Inserted into the core. It has also been determined that
lowering the D20 level can provide sufficient shutdovn margin to maintain
the reactor in a subcritical state and, by a fully diverse method. The
calculations also show that the reactivity coefficients for all three core
conditions are suitably negative.
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TABLE 6

SUMMARY OF REACTIVITY CQEFFICIENTS

Reactivity Coefficients Initial Four-Day Equilibrium
Core Core Core

Fuel Temperature:

500C (mk/-C) -0.0123 -0.0126 -0-0139
250,,C (mk/OC) -0.0104 -0-0105 -0.0110
35011C (mk/-C) -0.0095 -0.0095 -0.0095
50011C (mk/OC) -0.0081 -0.0080 -0.0073

Coolant Temperature:

200C (mk/OC) -0-0956 -0.1015 -0.1135
300C (mk/OC) -0.1075 -0.1108 -0.1212
4OoC (mk/OC) -0.1194 -0.1200 -0.1289
500C (mk/OC) -0-1314 -0.1292 -0.1366
6OoC (mk/OC) -0.1433 -0-1385 -0.1443
900C (mk/*C) -0.1790 -0.1662 -0.1674

10011C (mk/OC) -0-1910 -0.1754 -0.1751

Moderator Temperature:

2OoC (mk/OC) +0.0339 +0.0338 +0.0609
30"C (mk/OC) +0.0304 +0.0311 +0.0573
4011C (mk/*C) +0.0269 +0.0283 +0.0536
5011C (mk/OC) +0.0234 +0.0256 +0.0500
600C (mk/*C) +0.0199 +0.0229 +0.0464
900C (mk/OC) +0.0094 +0.0147 +0.0354

10011C (mk/OC) +0.0059 +0.0120 +0.0318

Coolant Void:

2% (mk/%V) -1.76 -1.49 -1-35
5% (mk/ZV) -1.82 -1.54 -1.41

10% (mk/%V) -1.91 -1-62 -1.50
20% (mk/%V) -2.08 -1.81 -1.69

Moderator Void:

2% (mk/%V) -0.311 -0.253 -0.227
5% (mk/%V) -0.381 -0.315 -0.340

10% (mk/%V) -0.499 -0.418 -0.529
20% (mk/%V) 1 -0.734 -0.626 -0.907
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