29th Annual Conference of the Canadian Nuclear Society June 1-4, 2008
32nd CNS/CNA Student Conference Marriott Eaton Centre, Toronto, Ontario

MODELLING OF LIQUID INJECTION SHUTDOWN SYSTEM (LISS) IN ACR-1000

M. Boubcher', A. Colton' and J.V. Donnelly1
' Atomic Energy of Canada Limited, Mississauga, Ontario, Canada

Abstract

Modelling of the Liquid Injection Shutdown System (LISS) in the ACR-1000®" reactor core must
account for the major phenomena that occur following its activation, namely the moderator hydraulics
and core neutronics. The former requires modelling of the poison volumes, their time of entry into the
reactor, and their propagation into the moderator after emission from the nozzle. The latter requires the
reactivity worth of varying volumes and geometries of poisoned moderator fluid in order to simulate
the reactivity effect of the injected poison. The time-dependent poison map is generated from
hydraulic calculations, and then the neutronics data for standard geometries and concentrations is
constructed using DRAGON [1].

1. Introduction

During a postulated loss-of-coolant accident (LOCA), SDS-2 can rapidly shut down the reactor by
injecting liquid poison at high pressure into the moderator through eight horizontal nozzles. The
liquid poison, in the form of gadolinium nitrate dissolved in D,O, is injected at high pressure into
the moderator through holes in the nozzles, initially as jets, which rapidly merge into a curtain.
LOCA analysis involving the dynamics of liquid-poison injection is complicated. The main
challenge in its modelling is the representation of the propagation of the poison curtain in the
moderator. The calculation of appropriate incremental cross sections to represent the poison
involves intensive modelling and data manipulation.

2. Physics modelling

The physics modelling of SDS-2 accounts for the major phenomena that occur, by combining the
effects of the moderator hydraulics and the neutronics. The moderator hydraulics provides modelling
of the poison volumes and of the time of entry of the poison fluid into the reactor, as well as
propagation of the poison into the moderator after emission from the nozzle. This data is generated by
the moderator hydraulics code ALITRIG. This code produces an idealized representation of the
moderator injection and dispersion. The neutronics provides an evaluation of the reactivity worth of
varying volumes and geometries of poisoned moderator fluid for a range of poison concentrations, in
order to simulate the reactivity effect of the injected poison. The neutronics data are generated for a
number of standard geometries and concentrations using the supercell code DRAGON. The neutronics
calculations simulate the variety of geometries that ensue from the poison injection, i.e., the poison
inside the nozzle before emission, and poison jets exiting the pipe at two orientations: horizontally and
at 60 degrees to the horizontal. In the model used here, the expanding evolution of the emitted jets is
represented by parallelepipeds, like in the CANDU®” reactors.

'Advanced CANDU Reactor™, ACR® and ACR-1000" are registered trademarks of AECL.
2CANDU" is a registered trademark of AECL
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The modelling of liquid poison injection requires five basic types of geometries:

Jets only, emitted horizontally (referred to as detached).

Jets only, emitted at 60 degrees to the horizontal (referred to as detached).
Horizontal jets, attached to nozzle.

60-degree jets, attached to nozzle.

Poison in nozzle only

Nk

Geometries of the physical system such as pressure tube, calandria tube, which are circular-cylindrical,
and the hexagonal-shaped tube (nozzle), are transformed to a three-dimensional rectangular (xyz)
mesh. The 60-degree jets are modeled by a number of staggered blocks, (typically ten) as shown in
Figure 1. This number (ten), is identical to the number of blocks used to model the 45-degree jets in
CANDU.

The following rules are applied during the geometrical transformations for each of the five above
models.

e Conserve the surface area of the fuel.

e Conserve the surface area of the poison jet.

e Conserve the surface area of the poison in the nozzle

e Conserve the moderator volume in the cell

e (Conserve the number of poison molecule in the jet and nozzle
e Conserve the volume of the nozzle wall.

e The poison jet stops spreading if the jet hits the calandria wall

3. Code descriptions

The SDS-2 modelling for ACR-1000 involves several computer codes: WIMS-AECL [2],
DRAGON, ALITRIG, and the following FORTRAN programs: ASSEM, INTERPL and DEVPPM.
Figure 2 shows a schematic diagram of the codes and data flow used for SDS-2 simulation.

3.1 WIMS-AECL

The lattice cell code WIMS-AECL is a two-dimensional multigroup neutron-transport code. Along
with the 89-GROUP library, E65ACR [2], it can solve the physics problem for the CANDU cluster
with single cell or multicell in two dimensions. The current standard version of WIMS-IST was
used here only for 2-D-cell depletion calculations, to generate the reference fuel composition at the
nominal mid-burnup, which will be used by DRAGON.

3.2 DRAGON

The DRAGON neutron-transport code was designed for general geometry and can analyse both
CANDU clusters and PWR assemblies in two dimensions, with k-effective or critical buckling
searches. The code can also carry out three-dimensional supercell transport calculations with the
same group structure as the two-dimensional analysis to obtain few-group properties for supercells
containing in-core reactivity devices. It has been selected as the standard three-dimensional
supercell code for CANDU analysis based on the following considerations:

20f9



29th Annual Conference of the Canadian Nuclear Society June 1-4, 2008
32nd CNS/CNA Student Conference Marriott Eaton Centre, Toronto, Ontario

The DRAGON multigroup neutron-transport method 1is theoretically rigorous, relatively
straightforward, and consistent with the WIMS-AECL lattice-cell calculations. It has either exact or
nearly exact geometrical representation of the devices and the fuel channels. The results of the
various benchmark comparisons are all within the acceptable ranges.

Two types of DRAGON calculations are performed; a reference cell with no reactivity device or
poison, and a “device-inserted” cell. The reference cell and the “device-inserted” cell depend on the
geometry used.

Case 1: for jets only, emitted horizontally or at 60 degrees to the horizontal (referred to as
detached). The reference cell consists of a number of homogenized regions: the moderator region,
the fuel bundle, and the surrounding annulus, which consists of the pressure tube, gas gap and
calandria tube. In this case, the “device-inserted” cell also contains a poison jet.

Case 2: for horizontal and 60-degree jets (referred to as attached to a nozzle). The reference cell
contains, in addition to the homogenized regions (described above), a nozzle with no poison inside.
In this case, the “device-inserted” cell also contains a nozzle with poison inside and a poison jet.

Case 3: for a nozzle only. The reference cell is the same as in case 2. The “device-inserted” cell
contains a poison-filled nozzle.

DRAGON is used to produce the incremental cross section in two energy groups for all jet-nozzle
combinations with various poison concentrations. Figure 3 shows the poison concentrations
considered in our calculations. The choice of concentrations used in the generation of incremental
cross sections is arbitrary; however it is intended to provide a range of concentration values with
which to interpolate, in order to find the cross section for jet geometries and concentrations that
occur during the injection of poison.

Tracking was performed with the EXCELL module of DRAGON and the isotropic reflection
option. The transport equation was solved in the same way as in the cell calculations, using the B,
homogeneous leakage method. Homogenization and condensation were performed by weighting
cross sections using the 89-group flux spectrum with an energy cut-off between the two groups at
0.625 eV.

3.3 ASSEM

Following the completion of all DRAGON calculations, the program ASSEM will be executed.
This program, which was developed for this application, consists of a set of UNIX commands that
assemble all the data files from DRAGON into a single file, which can then be accessed by
INTERPL. This collated cross-section file for various jet and nozzle conditions is to be used as an
input to INTERPL.

34 ALITRIG
ALITRIG is a moderator hydraulics code that is used to simulate injection into the reactor from the

poison-filled tanks driven by high-pressure gas tanks. This code generates the jet length and
injected poison volume at each time step.

30of9



29th Annual Conference of the Canadian Nuclear Society June 1-4, 2008
32nd CNS/CNA Student Conference Marriott Eaton Centre, Toronto, Ontario

3.5 INTERPL

The execution of INTERPL follows that of ASSEM. INTERPL reads the collated database of
incremental cross sections produced by DRAGON and a data set from ALITRIG giving the jet
height and injected poison volume at each node of each nozzle at a series of time steps. The cross
sections for each (height, poison volume) data set are interpolated from the DRAGON cross-section
database. The cross sections are tabulated as functions of jet length. Interpolation is performed
using three-point Lagrange polynomials [3].

3.6 DEVPPM

DEVPPM reads the input data from INTERPL and then generates the poison concentration
distribution in the core (poison map) at various time steps. The data output from DEVPPM can then
be used in *CERBERUS, module of the diffusion code RFSP-IST [4].

At each time step, the poison concentration distribution (in ppm) is generated and saved in a file to
be used by the *CERBERUS module of the diffusion code RFSP-IST. Finding the incremental
absorption cross section as a result of injection of a poison jet into the lattice cell allows the
determination of the equivalent uniform poison concentration (in ppm) that results in the same
incremental absorption cross section, see Figure 4. It is this poison concentration that is then
recorded in the full core poison distribution map and is in turn used in *CERBERUS/RFSP
calculations to determine the reactivity transient as a function of time.

4. Results

A coupled neutronics/thermahydraulics simulation of transients following a hypothetical large
LOCA initiated from a nominal flux shape and terminated by SDS-2 action was carried out. In the
LOCA analysis, one of the eight poison injection nozzles was assumed to be non-operational upon
actuation of SDS-2.

All simulations were done in three spatial-time dimensions, with RFSP-IST coupled to the
thermahydraulics code CATHENA. The two codes were coupled in the sense that neutronics and
thermahydraulics equations were solved alternately for the sequence of time steps. At each step, the
coolant density, coolant-temperature and fuel-temperature distributions calculated with CATHENA
were input to the *CERBERUS module within RFSP-IST, along with poison incremental cross
sections calculated separately, in order to calculate the three-dimensional flux and power
distributions.

The SDS2 was performed with one of the 8 nozzles unavailable using the 1-D moderator hydraulics
code ALITRIG. Results, which are presented in Figure 5 show that the case with nozzle number 7
inactive constitutes the worst case since the asymptotic reactivity is about —35 mk.

S. Summary

The liquid injection shutdown system was modelled by taking into account the moderator hydraulics
and neutronics. Several codes were used to take the key input parameters (poison volume and
propagation length given by ALITRIG, incremental absorption cross sections given by DRAGON)
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and convert them into a full core poison map in equivalent ppm to do full core calculations in RFSP-
IST coupled with CATHENA and finally arrive at three dimensional flux and power distributions
for each time increment. A computational fluid dynamics code (CFD) may be used in the future to
model the propagation of poison into the moderator after actuation of the LISS. It has the potential
to provide a poison distribution map as a direct output thereby foregoing any interpolation and
approximation as required by ALITRIG. Note that the computational expense will be increased, as
it will require creating and running one DRAGON input per lattice cell in the reactor.
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8. Figures
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Figure 1: Model for Nozzle plus Jets, at 60 Degrees
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Figure 2: Schematic Diagram of the Codes and Data Flows Used for SDS-2 Simulation
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Figure 3: Poison concentration for the jets emitted at 0 and 60 degrees
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Figure 4: Generation of Equivalent PPM
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Figure 5: Reactivity Transient vs. Time*

*Note that in this figure, the poison jets are modelled as frozen after 1.4 seconds. While in reality, the jets would continue
to propagate and mix within the moderator reaching a reactivity depth of at least -150 mk.

90of9



	Abstract
	1. Introduction
	2. Physics modelling
	3. Code descriptions
	4. Results
	5. Summary
	6. Acknowledgements
	7. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


