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ABSTRACT

The BORAX accident (Boiling Water Reactor Experiment) is the Mastered Severe Accident
reference to be taken into account by the containment design of JHR. Two major stakes are
concerned: the radiological consequences with respect to released activities and the
mechanical consequences with verification of acceptable behaviour for the pool system. A
reasonably conservative approach was developed in 2007-2008 to simulate the global
phenomenon of this accident. A “BORAX calculation scheme” based on existing codes and
specifically adapted or developed for the JHR application, was set up and will provide
quantitative results.
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1 INTRODUCTION

Beyond the four classical safety categories, the French safety methodology defines several
situations integrating the Mastered Severe Accident (MSA) for which it is necessary to
demonstrate that the consequences are controlled.

The BORAX accident (Boiling Water Reactor Experiment) is the MSA reference to be taken
into account by the containment design of JHR [1]. Two major stakes are concerned: the
radiological consequences with respect to released activities and the mechanical consequences
with verification of acceptable behaviour for the pool system.

This conventional accident consists in a fast ejection of a control rod, leading to a nuclear
power excursion and the fusion of a part of the nuclear fuel (actually aluminium alloy only).
This is supposed to lead to a steam explosion generated by the violent interaction between
liquid aluminium and the cooling water. This phenomenon consists of a complex and fast
sequence of physical-chemical processes with different time and space scales.

This accident has been treated in the past for all French research reactors on the basis of a
hypothetical thermal energy deposition close to 135 MJ and a mechanical efficiency of 9%.
Consensual values for radionuclide transfer coefficients were chosen for the design phase of
the reactor. Afterwards, experimental validations were performed, with real explosions on low
scale mock ups to verify the safe behaviour of the second safety barrier.

The methodology proposed at the end of 2005 in the Preliminary Safety Report of the JHR
consists in a more realistic approach. A thermal-dynamical approach of the accident scenario
was particularly expected to improve our understanding of phenomenon.

A multi-disciplinary workshop was set up in mid-2007 with the goal of identifying and
modelling the different phenomena involved in the Borax sequence. It led to the setting-up of
a BORAX calculation scheme, enabling to quantify the different stages of the accident.

A reasonably conservative approach was thus developed in 2007-2008, based on existing
codes and specifically adapted or developed for the JHR application. Code chaining or
coupling are set up where necessary. A detailed assessment on accidents and experiments has
been consecutively performed on research reactors in the world since the beginning of the
nuclear era.

The accident has thus been chronologically divided into a few stages with characteristic
durations varying from 1 to some 100 ms. For each stage, conservative hypothesises have
been made in order to reasonably aggravate the consequences, related to the stakes.

2 THE INITIATING EVENT AND POWER TRANSIENT

The hypothetical failure of a control rod leads to a fast ejection of the absorber and a
reactivity injection of about 3 $ in 0.1 second. Then the nuclear power rises and decreases
very quickly by Doppler and void effect, leading to a thermal energy deposit in the fuel meat
and the fuel cladding in a few hundredths of a second. A molten fuel crucible (T>Tga))
appears inside the plate, expanding and projecting a spray of fuel particles under pressure into
the water volume close to the plates. One can imagine the extremely quick cascading
propagation to neighbouring plates in the hotter area of the core.
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The physics of this phase simultaneously combines neutron physics and thermal-hydraulics,
and justifies the development of a 3D kinetics calculation scheme with coupling between
CRONOS?2 [2] and FLICA4 [3] codes, based on a simplification of the HORUS3D scheme
[4,5].

The 3D neutronics simulation is performed with the CRONOS2 code, in an approach
homogeneous on assembly level. The 6 group cross sections libraries, elaborated by the
APOLLO?2 code [6], have been parameterized for a fresh core, in fuel temperature, void ratio
and absorber rod insertion level.

The assembly neutronics parameters are homogenised over the whole core for the resolution
of the kinetics equations.

The coupled resolution of the coolant thermal-hydraulics and the fuel thermal problem is
accomplished with the FLICA4 code. It’s based on the modelling of the HORUS3D
calculation scheme with the following modifications:

e adaptation of the thermal exchange and post dry-out vaporisation models,

® nucleate boiling is not taken into account,

e the fusion of aluminium taken into account in the modelling of the fuel materials
physical properties,

¢ modelling of hydrogen production by radiolysis.

The fuel thermal modelling is based on the hypothesis that the UsSi-Al meat fusion is limited
to the simple fusion of the aluminium matrix: the UsSiy particles dispersed within this
aluminium matrix stay at solid state. We model the physical properties of the fissile meat by a
homogenisation of the properties of the Uranium Silicide dispersed phase and the Al matrix.

The data exchange between CRONOS2 and FLICA4 is performed by the ISAS [7] coupling
code.

The fast dilatation of the fuel plate, leading to a decrease of the size of the gap between the
plates and to a negative reactivity feedback due to the under-moderation, is not considered in
the model. The calculations are thus penalizing. This dilatation effect is probably significant
and would minimize significantly the transient consequences.

FLICA4 and DULCINEE [8] codes are also separately used for OD-kinetics sensitivity
studies. The legitimacy of the use of OD-kinetics model is based on the small size of the JHR
core and the small deformation of the power distribution during the reactivity accident.

The objective of the CRONOS2-FLICA4 calculations is to obtain a realistic molten fuel ratio
and the associated fusion kinetics, as well as the quantity of thermal energy deposited in the
fuel, potentially transferable into the coolant.

The choice of the “end of accident” criteria is an important parameter of the setting up of the
calculation scheme, as the geometrical variations of the fuel and its rapid loss of integrity are
not being considered in the modelling.
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3 FUEL - WATER INTERACTION

The MC3D code [9] simulates this key-phase with the injection of the molten fuel particles
into the interaction volume and explicitly reproduces the thermal exchange between the fuel
particles and water in a time of less than 30 ms. The water pressure rises in a rather isochoric
manner up to some hundred bar within less than 1 ms. Then the water volume begins to warm
up, decreasing its pressure at the same time. The relaxation of the vapour bubble pressure
leads to a violent expansion of the bubble (steam explosion) and to an impulse of some ten
bar, acting for several ms on the wall of the nuclear unit’s pool.

The MC3D code is adapted for simulating this steam explosion phase and, in a second time,
for calculating the impulse on the pool wall and ground after numerous rebounds and
interferences.

Considering the rapidity of the phenomenon, the heat exchange by conduction is quiet
insignificant and the fuel meat fusion leads to a mechanical strain on the clad with an increase
of internal pressure.

We took the hypothesis of an instantaneous fragmentation of the molten aluminium drops,
down to a final diameter close to 40 um (BORAX specific injection mode). These aluminium
drops originate from the clad and the aluminium matrix of the fuel meat. The U;Si, particles,
swept along in the spray of the molten aluminium, are supposed to stay at solid state and keep
their 60 um diameter.

The aluminium droplets and the U3Si2 grains have thus different diameters and temperatures
and the MC3D code has been modified to describe the two populations of fragments.

Two injection scenarios are considered on the base of the coupled
neutronics/thermalhydraulics calculations, which give the fuel melting kinetics: the first one
assumes that the fuel particles are injected as soon as the fusion begins. The second supposes
an instantaneous injection of the fuel into the water at the end of the fuel meat fusion, thus
simulating a quick increase of the internal pressure in the meat until a violent failure of the
clad.

In addition to the thermal energy of the molten fuel, the supplementary energy of the
interaction of water with NaK, contained in irradiation devices, and the oxidation of
aluminum is taken into account simultaneously and in a conservative manner, by increasing
the mass of molten fuel at constant temperature.

Two types of calculation are considered:

e "Vessel" calculations, modelling the pressure vessel and the primary circuit piping
with an adapted meshing; the points of interest are the pressure strains on the
structures and the presence of water steam.

e "Pool" calculations with the hypothesis of an unrestricted steam explosion.

The first mentioned MC3D calculations, more representative, make possible the analysis of
the vessel's failure mode and, in particular, the resistance of the vessel closure head
(cannonball effect). They enable furthermore to estimate a potential amplification of the
effect, due to the "confinement" during the short phase of the pressure rise.
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The second type of calculations leads to a reasonably conservative assessment of the
mechanical effects on the walls of the water block, a potential ejection of debris and the
kinetics of the steam and incondensable gas bubble.

4 THE EVOLUTION OF THE VAPOUR AND INCONDENSABLE GAS BUBBLE

Immediately after the fuel and water interaction, the brutal expansion of the hot water drop
leads to the formation of a bubble containing a mixture of steam and incondensable gas
(fission gas, H, formed by aluminium oxydation and NaK- water reactions).

Several risks are considered :

¢ The formation of a water spray at the pool surface, with a potential impact on the
containment, with entrainment of fuel debris into the containment hall, thus
contributing to the dispersal of radioactive products and accelerating the pressure rise
within the containment by direct heating,

e The ascension of bubbles to the surface, directly transporting fuel aerosols to the
containment hall, in an analogous manner to phenomenon mentioned before but with
microscopic particles.

e The amplification of the radiological consequences outside of the containment,
because of a higher instantaneous source term and an accelerated pressure rise.

The structures inside the reactor pool do certainly contribute significantly to the fragmentation
of important bubble, but this assumption is neglected in a conservative manner. Likewise, the
presence of a considerable height of water above the core (9 m) prevents the entrainment and
the ejection of macroscopic fuel or structure debris. The body of experience in accidents and
experiments effectuated in the past confirms this point, provided that the water height above
the core is significant.

The expansion of the vapour bubble is followed by a phase change at the vapour/liquid
frontier. When the pressure significantly decreases, the water condenses and the bubble
contracts itself to a new pressurized form before moving on to a new cycle. These oscillations
continue, and the bubble rises up in its contracted phases, like in a submarine explosion.

The analysis of underwater explosions, carried out in the military domain in equivalent
energetic conditions (equivalent TNT), showed that a chemical explosion does not produce a
spray below 9m of water; merely a "dome", consisting of vertical water jets due to the
cavitation phenomenon, is observed. As in a chemical explosion the totality of the bubble is
formed by incondensable gas, the effects are intensified with respect to the steam explosion in
terms of mechanics (no phase change), in terms of bubble cycle time (pulsations more
frequent) and regarding the risk of entrainment of aerosol fuel particles (higher volume of
incondensable gas).

This phase was also illustrated with the EXCOBULLE experiment [10] performed in the
1980’s for breeder reactor needs. It aimed to study the behaviour of a hot drop in contact with
a cold fluid, which takes place in three phases:

e a first, instable phase shows the exchange of hot liquid jets between the two phases
(Rayleigh-Taylor instabilities develop at the exterior of the hot drop),
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® a mixing phase, where the mixing zone becomes thin and can be describes as
homogenous,
e astable phase, where the condensing film is integrated in the steam bubble.

The bubble quickly disappeared after some oscillations, and change itself into a final smaller
incondensable gas bubble.

Only the mechanical effects, essentially linked to the first expansion of the bubble (convective
component of the shock wave), and the ascension of fuel aerosols via the incondensable gas
are to be dreaded.

5 THE FUEL AND INCONDENSABLE GAS BUBBLE FUTURE

The fuel is ejected in the form of fine particles (some micrometers to some hundred
micrometers), cooling down quickly in the water and falling down to the pool’s floor. Thus a
fraction of the fuel may be guided to the surface in aerosol form (diameter lower than 200
micrometers) within the incondensable gas bubble.

The analysis of experiments, performed in Japan at NSRR on RIA test [11] on comparable
fuel plates and taking into account the statistical analysis of the fuel fabrication foreseen for
the JHR, showed that less than 2% of the particles will have a size inferior to 70 pm after the
accident. Only 12% of all particles can conservatively be considered as aerosols (d < 200

pwm).

The gas bubble is essentially constituted of hydrogen (Al-water and NaK devices—water
interactions), immediately formed during fuel-water interaction, and is quickly split into little
fragments because of the structures within the core. The fuel particles are thus subjected to
various physical phenomena during their slow rising within the instable cap-bubble form
(figure 1): thermal-phoresis, diffusion-phoresis, coagulation, washing out, sedimentation
(figure 2)...

Initially, and in a conservative approach, a model of aerosol sedimentation in a stable bubble
(spherical of cap shaped) enabled a first analytic approach of the transport of aerosols ([12]).
Using Stocke's law, the particles velocity can be expressed as a function of their size.

i)

Figure 1 : Cap-bubble picture Figure 2 : Sedimentation model — Particles
masses by group
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The key results show that:

- Only bubbles with a diameter greater than 10 cm can transport aerosols to the
surface, according to this simplified model; with a diameter in the range of 1 meter, a
bubble can transport aerosol particles with a size up to 10 wm, thus carrying along a
fraction of 0.2% of the transportable fuel aerosol particles (with 100% of the particles
produced by the core in a lonesome bubble, and without washing out effect).

- No aerosol particle with a size of 20 um or more will reach the surface of the pool
(for bubbles with a diameter from 2 mm to 1.2 m or equivalent diameter for cap
bubbles)

In conclusion, after first analysis, the sedimentation and the washing out are the essential
phenomena because of the particle size distribution of the aerosols and the existing vapour in
the bubble. These effects show a very significant return of the aerosols in the water.

In a second time, considering the convective effect in a bubble in contact with water, it
appeared to be necessary to characterise better the behaviour of this kind of bubble (with a
relatively significant size), in order to know if it would ascent to the pool surface without
being fragmented underway.

A conservative on-going calculation with the TRITON code [13] simulates incondensable gas
bubble hydrodynamics, combined with a DSMC code [14] enabling to “sow” this bubble with
a known particle population.

6 THE RADIONUCLIDES’ PROCESS

Except this potential phenomenon of a direct rising of fuel particles to the pool surface, the
core radionuclides ejected during the explosion may migrate from the fuel either directly to
the confinement, or indirectly through the pool water. This is particularly the case of the rare
gas and volatile fission products (iodine family) which are the main contributors to the
effective dose outside the facility.

A first step is related to the pressure increase in the containment after the explosion and due to
the residual power, but also with potential existence of fission gas directly expulsed into the
containment, constituting a direct and immediate thermal source.

This pressure excursion is calculated with the HORUS/Sys calculation route, based on the
CATHARE code [15].

At the same time, the ASTEC ([16] - figure 3), CERES [17] and GAZAXI [18] codes are
respectively used to calculate the iodine transfer process to the containment and the
contribution of the main radionuclides to the effective dose during their migration outside the
containment. They are used to verify that the containment design covers the BORAX risk.
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Figure 3 : ASTEC-Iode — Modelisation of the iodine
transfer process
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7 THE POOL SYSTEM AND VESSEL. MECHANICAL CONSEQUENCE

The pressure wave created by the explosion propagates into the pool water up to the wall and
ground, generating a characteristic impulse on the surfaces after multiples rebounds. This
impulse may damage the material constituting the pools system (iron pool liner and wall
concrete).

The EUROPLEXUS [19] and RADIOSS [20] codes (figures 4 and 5) are used for a
quantitative evaluation of the reasonably conservative consequences of the BORAX accident
in terms of the mechanical behaviour of the reactor structures.

Figure 4 : EUROPLEXUS pool Figure 5 : RADIOSS modelling of concrete
and canal meshes wall- 3D model
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8 CoONCLUSION — THE BORAX CALCULATION SCHEME FOR JHR

On the base of an active and constructive collaboration between the CEA and external units, a
calculation scheme of the BORAX accident (figure 6) is under development, and will lead to:

e Dbetter understand the complex physical phenomena involved in very short time
frames,

e obtain a reasonably conservative quantification of the different parameters at all stages
of the accident,

e support safety assessment.

Figure 6 : BORAX calculation scheme
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ABSTRACT

Irradiation of target materials for research purposes is an everyday activity in material
testing reactors. The estimation of the gamma heating expected to be deposited on
irradiated samples is basic safety issue. The GHRRC (Gamma Heating in Research Reactor
Cores) code developed in NCSR Demokritos, is based on a point-kernel parameterization.
It includes the photons produced from U235 thermal fission and from (n,y) reactions in the
core materials. It uses empirical correlations for the dose build-up in the core and the
energy absorption build-up in the irradiated sample. The dose build-up factor, as well as the
macroscopic cross sections of U235 fission and (n, y) reactions are determined assuming a
homogenized core. In this work, GHRRC is used to estimate the relative importance of the
mechanisms contributing to the total gamma heating of the irradiated material, for two
different fuel enrichments in U235. Comparison is made between the gamma heating
components produced in a core fuelled with a) Low Enrichment Uranium (LEU, 19.75%
U235, 62.48g U per fuel plate) and b) High Enrichment Uranium (HEU, 93% U235, 10.8g
U per fuel plate), with 13% burn-up. In both cases a critical core is considered, with the
configuration of the Greek Research Reactor (slab geometry, pool type, light water
moderated and cooled, beryllium reflectors, 34 fuel assemblies). The gamma heating of a
small Fe sample, located in the middle of a central irradiation channel of the core is
examined and the heating components considered are those due to a) the prompt and
delayed fission gammas, b) capture gammas originated from heavy nuclides, fission
products, structural materials and water and c) the gamma dose build-up in the core. For the
capture gammas from fuel plate, indicative isotopes were examined (i.e. isotopes of U, Pu
and Sm), based on the relative importance of their absorption macroscopic cross section
and the data availability for their photon capture spectra. It was found that the higher
thermal neutron flux of the HEU core causes higher heating from fission gammas than in
the LEU core. However, the higher uranium content in LEU fuel makes the dose build-up
more important in the LEU core. Also, the higher U238 content in LEU fuel induces more
significant heating by capture gammas from U and Pu isotopes. The Si contribution
(existing only in LEU) is found of small importance while the contributions of water,
structural materials and fission products are found higher in the HEU core.
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1 INTRODUCTION

Heating from gamma radiation of irradiated sample materials is an issue of primary
importance for the safety and the radiation protection of research reactors. Designing of the
optimum conditions for a sample irradiation requires calculation of the energy that will be
deposited on the target material.

The GHRRC (Gamma Heating in Research Reactor Cores) is a “home-made”, three-
dimensional numerical code, developed to estimate the gamma heating of small samples
inside a research reactor core. The code, based on a point-kernel parameterization, was found
to give reasonable gamma heating estimations within reasonable error margins, which allow
the Reactor Operator to pre-determine the irradiation conditions so that the sample
temperature will safely remain below the melting point during irradiation [1].

In the present work, GHRRC is used to estimate the relative importance of the
mechanisms contributing to the total gamma heating of an irradiated Fe sample, for two
different fuel enrichments in U235, with 13% burn-up. The results show that the higher
thermal neutron flux in the high enrichment (HEU) core causes higher heating from fission
gammas than in the low enrichment (LEU) core. However, the higher uranium content in
LEU makes the dose build-up more important in the LEU core. Also, the higher U238 content
in LEU induces more significant heating by capture gammas from U and Pu isotopes. The Si
contribution (existing only in LEU) is found of small importance while the contributions of
water, structural materials and fission products are found higher in the HEU core.

The aim of this work is a) to present the capability of an easily handled model to
reasonably assess the relative importance of the components of the gamma heating deposited
in a sample irradiated in a research reactor core and b) to contribute to the studies performed
within the framework of the RERTR (Reduced Enrichment for Research and Test Reactors)
Program [2].

2 THE GHRRC CODE

As mentioned above, GHRRC code is a three-dimensional numerical code, based on a
point-kernel parameterization.

The developed model includes the prompt and delayed photons produced from the U235
fission and the gammas produced by neutron capture ((n,y) reactions) in the core materials.
Empirical correlations are adopted for the dose build-up in the core and the energy absorption
build-up in the irradiated sample. The required neutron fluxes are calculated using the
neutronics code system XSDRNPM [3] and CITATION-LDI2 [4] in a three-dimensional
representation of the Greek Research Reactor (GRR-1) core. For the determination of the
macroscopic cross sections for the U235 fission and the (n,y) reactions in the core materials, a
homogenization of the core is performed. The attenuation coefficient of the monoenergetic -
rays is also derived for a homogenized core, as a with-respect-to-density weighted sum of the
individual attenuation coefficient values of the core materials [S]. The same approximation is
used for the derivation of the core dose build-up factor based on the values tabulated for each
core material.

Thus, the rate of the total gamma energy deposited per unit volume of the sample is
computed from:

W= j j w(F, E)dEdfy (1)
V. E

o
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Where E is the photon energy, V., is the core volume and w(7, E) is the heat deposited

per unit volume of the sample irradiated at position 7, from the monoenergetic gamma rays E
released at core position 7,. In the GHRRC w(7, E) is computed from:

w(F, E)E = dE L) {1 _ i)
iy (E)
_ S FEIR 2)
B,(u,(E)?,E)B,(u(E)F —T, ,E)Eﬁd?oZAn(?o, E)®, (7))
r — n

0

Where u,(E) and p,(E) (in [cm‘l]) are respectively the attenuation and the

absorption coefficient of the monoenergetic photons of energy E in the sample material, /¢ is
the mean chord length of the sample defined as ¢ = 4Vs/Ss with V; and S, being respectively
the volume and total surface of the sample [6], B, is the build-up factor for the energy
absorption in the sample material, B, is the dose build-up factor in the homogenized core,
H(E) is the attenuation coefficient of the photons of energy E in the homogenized core,

@ (7)) is the neutron flux at core position 7, for neutron energy group n and A, is given from
the relationship:

A E)=3 X, ()Y, (E)+ X, ,(7)X,(E)(3)

Where, X jn(?o) (in [cm'l]) is the macroscopic cross section of (n,y) reaction for nuclide
j’, with neutrons of the energy group ‘n’ at core position 7, ¥, (E) (in [J7') is the spectrum

of gamma rays of energy E due to (n,y) reactions in nuclide ‘j’, with neutrons of the energy
group ‘n’, X, (7)) (in [cm™]) is the fission macroscopic cross section of neutron energy

group ‘n’ at the core position 7, and X K (E)dE is the probability that a photon of energy

between E and E+dE results from fission-produced neutron at the energy group ‘n’. In
GHRRC, for X, (E)dE exponential fits are used [7], [8] while for ¥, (E) the discrete values

of PGAA-IAEA and NNDC databases have been included [9], [10].

It should be noted that in the present model application only the gamma rays produced
from reactions (fission and capture) with thermal neutrons have been considered, due to lack
of gamma rays yield data from epithermal neutrons reactions.

In GHRRC, the energy integration is performed using the trapezoidal method, while a
21-Point, 5™-degree of accuracy formula for triple integrals is used for the volume integration
[11].

The code is capable of calculating the gamma heating components separately, with
respect to the different reaction types, i.e. fission, core built-up and capture. The code can be
very easily handled, even by poorly experienced users.

3 MODEL APPLICATION TO THE GRR-1 CORE

GRR-1 is a pool type, light water moderated and cooled reactor, using beryllium
reflectors and fueled by MTR-type fuel elements. The reactor is normally operating at SMW
power. The active core dimensions in X, y (horizontal) and z (vertical) directions are 45.66cm,
47.74cm and 62.55cm respectively. There are five control blade locations in the core where
shim/safety rods are placed. Two critical core configurations were used in this work. In the
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first one only low enrichment uranium fuel was considered (LEU, 19.75% U235), containing
62.48g U per fuel plate. In the second one only high enrichment uranium fuel was considered
(HEU, 93% U235), with 10.8g U per fuel plate. In both cases the U235 burn-up was 13%.
The horizontal core configuration is shown in Figure 1, using x (letters) and y (numbers)
coordinates. The grid position D4 hosts a control fuel assembly without control rod and is
used as a flux trap. Grid positions D4, A7 and F7 are used for material irradiation.

A B o D E F

Figure 1: Horizontal cross section of the GRR-1 Core. The notation is: CR for control
fuel assemblies with control rods inserted, W for water and Be for beryllium reflectors.

The gamma heating of a Fe cylindrical sample of 5cm height and 0.7cm diameter,
placed in the middle grid channel D4 was calculated using GHRRC. The heating components
considered in the computations include (i) prompt and delayed fission gammas, (ii) capture
gammas originated from heavy nuclides, fission products, structural materials and water and
iii) the gamma dose build-up in the core and the energy absorption build-up in the sample. For
the capture gammas from fuel plate, indicative isotopes were examined (i.e. isotopes of U, Pu
and Sm), based on the relative importance of their absorption macroscopic cross section and
the data availability for their photon capture spectra.

It should be noted that the beryllium blocks and the surrounding pool water were not
considered, since their homogenization with the active core that intervenes between the
considered volume and the irradiated sample in D4, would introduce more significant error
than their omission. Also, the y-rays produced from thermal capture in several nuclides that
are present in the irradiated fuel plates were not taken into account, since their (n,y) spectra
were not available. Thus, less than 25% of the above nuclides was taken into account, while
nuclides with significant (n,y) cross section in the thermal range, such as Xel35, Sml51,
Pu241, Pm isotopes and others, were omitted.
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The computational domain includes the core shown in Figure 1, with 20cm of
surrounding pool-water in all six sides. The three-dimensional group-averaged neutron flux in
the GRR-1 core as well as the densities of the nuclides contained in the irradiated fuel
inventory were calculated using the neutronics code system XSDRNPM and CITATION-
LDI2 with the NDF5 238-group library; a slab geometry with the actual nuclide distribution
was considered for the above calculations, i.e. separate homogenized zones were defined in
the core, as in [12], [13]. Five neutron energy groups were considered, the thermal threshold
being at 0.5 eV. The macroscopic cross sections of the U235 fission and the (n,y) reactions in
the core materials, X f and X i respectively, were determined assuming a homogenized core,

through the relationship:

nzg

o..N.V

= i(4)
< c v

c

where <X _ > stands for X ;or > j»nz is the number of homogenized zones that include

the nuclide j (e.g. for a nuclide of the fuel meat, nz is equivalent to the number of fuel
assemblies), o is the equivalent microscopic cross section (fission or capture) of the nuclide

J in the zone i, N, is the number density of the nuclide j in the zone i, V, is the volume of

zone i and V, is the volume of the active core, i.e. without beryllium blocks and surrounding
pool water.

4 RESULTS AND DISCUSSION

The results are shown in Table 1. As can be seen, the higher thermal neutron flux of the
HEU core causes higher heating from fission gammas than in the LEU core. However, the
higher uranium content in LEU makes the dose build-up factor more important in the LEU
core, thus resulting to a higher total power density deposited in the sample from fission in the
LEU than in the HEU core. Also, the higher U238 content in LEU induces more significant
heating by capture gammas from U and Pu isotopes. The Si contribution (existing only in
LEU) is found of small importance while the contributions of water, structural materials and
fission products are found higher in the HEU core. Aluminium contribution, in particular, is
higher in HEU due to its higher content in the HEU meat.

It should be noted that the results in Table 1 are expected to be underestimated, due to
(a) the omission from calculations of heating mechanisms such as inelastic scattering,
activation of nuclides, epithermal capture and thermal capture in several core compartments
and fuel plate nuclides and (b) the core homogenization at least for the core materials that are
not really distributed in the core, such as the control rod constituents. The omission of the
pool water and the beryllium blocks may have caused higher underestimation of the total
gamma heating in the LEU core, since the build-up of the gamma rays that travel towards the
sample is expected more significant in LEU. On the other hand, the omission of (n, )
reactions in several nuclides of the irradiated fuel may have induced higher underestimations
either in the LEU or the HEU case, depending on the omitted nuclide. For example, the
omission of Pu isotopes is expected to cause more significant underestimation to the LEU
result, while the omission of (n, y) in fission products, such as Xe, Pm and some Sm isotopes,
is expected to cause gamma heating underestimation in HEU. However, it should be noted
that the results are considered comparable in the two fuel enrichments.
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Table 1: Gamma Heating Power Density deposited in a Fe sample from several
mechanisms, for two different fuel enrichments in U235

Gamma heating W, (W/cm3) W, (W/cm3)

component LEU HEU
Non Built-up Fission 8.89 10.85
Built-up Fission 15.56 15.08
Core-buildup factor 1.75 1.39
Capture U 0.035 0.008
Capture Al 0.732 0.825

Capture Pu 0.454 0.00012
Capture H 0.542 0.595

Capture Sm 0.0308 0.0324
Capture Si 0.0152 0.000

Total y-Heating 17.369 16.540

5 CONCLUSIONS

GHRRC is a three-dimensional numerical code for gamma heating computations, based
on a point kernel parameterization, which was developed in NCSR “Demokritos”. The code,
which is very flexible and easily handled, is capable of calculating the gamma heating
components separately, with respect to the different reaction types, i.e. fission, core built-up
and capture.

In this work, GHRRC was applied to two different core configurations (LEU, 19.75%
U235, 62.48g U per fuel plate and HEU, 93% U235, 10.8g U per fuel plate) of the Greek
Research Reactor (GRR-1). The gamma heating power density deposited in a Fe sample
located in the middle of a central irradiation channel of the core was computed. Comparison
of the gamma heating between the two configurations showed that the higher thermal neutron
flux of the HEU core causes higher heating from fission gammas than in the LEU core.
However, the higher uranium content in LEU makes the dose build-up more important in the
LEU core. Also, the higher U238 content in LEU induces more significant heating by capture
gammas from U and Pu isotopes. The Si contribution (existing only in LEU) is found of small
importance while the contributions of water, structural materials and fission products are
found higher in the HEU core, due to higher neutron fluxes. The omission from the code of
surrounding materials, such as the reactor pool water and the beryllium blocks, may have
caused underestimation of the total gamma heating, which is higher in the case of LEU core,
since the build-up of the gamma rays that travel towards the sample is expected more
significant in LEU. On the other hand, the omission of (n, y) reactions in several nuclides of
the irradiated fuel have induced underestimations which might be higher either in the LEU or
in the HEU core, depending on the omitted nuclide. However, the results are considered
comparable for the two fuel enrichments, a finding that can be very useful in cases of core
conversion studies, since the transition from a HEU to a LEU core does not seem to yield
safety issues rising from the gamma heating.
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ABSTRACT

The data collection for TRIGA SSR 14 MW reactor started in the frame of co-ordinated
IAEA research project “Up-date and expand IAEA Reliability Database for research
reactors for PSA use”. The necessity to develop a raw data collection and processing
computerized system arose due to the need to:

o Store all the information regarding the events produced in the operation of TRIGA
SSR reactor, whether these are systems or components failures, events due to test or
maintenance or information about reactor power, time intervals, number of scrams, etc.;

. Identify, retrieve, select and group information from raw data sources in a time
interval period,;

. Calculate reliability data, failure data and confidence interval limits, which are used
as input data in the Probabilistic Safety Analysis for TRIGA Research Reactor;

. To study the failure rate evolution for the components.

The paper presents the Computerized System called “PSARelData”, which is used to
manage raw data for the history of failures, to obtain reliability data in the PSA analysis
and to give information about failure trends. The system was developed in the Visual Basic
6.0 programming environment. The interfaces of Visual Basic 6.0 with Windows Access
and Windows Excel allowed to develop the database and to calculate the failure rates and
confidence interval limits (95%, 5%) using statistical functions.

The computerized system includes operation events for TRIGA SSR 14 MW reactor during
1979 - 2000, covering three data sources: Shift Supervisor Reports, Reactor Logbooks,
Work Authorizations.

1 INTRODUCTION

The data collection for TRIGA Steady State Reactor 14 MW reactor started in the frame
of coordinated IAEA research project “Up-date and expand IAEA Reliability Database for
research reactors for PSA use” [1]. In the frame of the CRP mentioned above more than 40
components were analysed and processed according to the boundaries and failure modes
selected. Generally, the components investigated belong to different systems of TRIGA SSR
reactor. More than 6.000 failure and related maintenance records were considered during data
collection. Not only independent failure but multiple components failures susceptible to CCF
were also collected. In case of multiple components, the events collected are analyzed with
respect to component type, failure mode and failure degree. These events involved pumps,
control rods and control rod drives, funs, valves. Qualitative analysis of root causes, coupling
factors, corrective actions and quantitative analysis of the events were performed. The
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information regarding raw data was stored in MS EXCEL worksheets. The period of data
collection was chosen between 1979 and 2001 involving three data sources: Reactor Log
Books, Shift Supervisor Reports and Maintenance Work Authorizations. Due to necesity to
store all the information regarding events in the operation of TRIGA 14MW reactor and to
perform reliability data analysis, a software application was created after the completion of
the IAEA CRP mentioned. The system for data collection and processing offers a software
which may be used in raw data collection, in making queries in the database and in reliability
data calculation.

The paper presents a brief description of the Computerized System, developed for
TRIGA SSR 14 MW reactor and some conclusions refering to this system.

2 DESCRIPTION OF COMPUTERIZED SYSTEM
2.1 Brief description of logic diagram for data computerized system

The Computerized System called “PSARelData” is used to manage raw data for the
history of failures, to obtain reliability data and use them further, in the PSA analysis. Also,
the PSARelData system, developed in the Visual Basic 6.0 programming environment gives
information about failure trends for different reactor components and structures in different
failure modes. The interfaces of Visual Basic 6.0 with Windows Access and Windows Excel
allow to develop the database and to calculate the failure rates and confidence interval limits
(95%, 5%) using statistical functions [2]. The logic diagram used for the computerized data
system is presented in the Figure 1. Information regarding the failure data, test and
maintenance data, number of scrams, etc, is collected from the three above mentioned raw
data sources of TRIGA research reactor and is available for processing. By the processing
action one obtains a visualization of all the failure records ordered in time, or just a selection
of these. In addition, the processing of data may go on with the calculation of failures rates
and confidence intervals limits. The visualization is possible on the screen but paper reports

can be produced, too.
Data processing
capabilities: |
-add —_———
- modify
- delete —
- validate Calculates failure rate
and confidence interval
¢ D limits for selected —D Rport ’
groups of components

Select the information Process the data e

T T =
—D Visualization of the M
results Report 1
Shift Supervisor

Reactor Logbooks Work authorizations ™
Reports

Graphical
representation of time

—D evolution of number of

failures and failure |
—
modes

Feport

Figure 1: Logic diagram for data Computerized System
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2.2 Brief description of the computerized application

The computerized application contains five screens (forms). The main form of the
application (Figure 2) gives the view of the whole database and offers the possibility to
navigate inside it. By means of the main form it is possible to introduce new data and to edit
the already existing records using the corresponding buttons.

The component type and failure modes (including critical and degraded failure modes)
were taken from IAEA TECDOC 930 and in connection with available information from
TRIGA data sources. The event type criteria include the following possibilities: functioning,
reparable, revision, replaced, verification.

Also, from the main form one can switch to the queries form (enlarged main form),
which allows one to impose different simultaneous criteria for data grouping and selection.
The selection criteria are:

- name of the component

- starting and ending dates of the requested failure time interval
- component type

- system to which component belongs

- failure mode

- operation mode (run or stand-by).

i psaRelData

Exit Help About

Cormpatient System Operation made Wa. of components in group
|P0mpa primar IEircuituI plimar j IDperahng j |4 j
Description Companent type Event type Demands
IS:’IZDN 382 - Pompa 4 nu porneste IPMAD2 j Iin functionare j I
Date Data source Failure mode Failures
3/20/1582 22/ a3 IHapoarte de tura j IS - Defectars la pomire j |
Component Dezcription Date |System Companent type Failure mode Data source Evert type Qperation mode Mo, ingroup «
Pompa primar - |9041982 - Pornit pc| 91441982 | Circuitul primar Phis02 B - Degradat Rapoarte detura  |in functionare Operating 4
Pompa primar 90221952 - Pompa 4| 972201962 |Circuitul primar Phis0z 5 - Defectare [ parr|Rapoarte deturs  fin functionare Operating 4 -
Yanaelectrica  |9020M982 - Vana O\ 942011982 |Circuitul primar WA K - Functionare inten|Rapoarte detura fin functionare Operating 4
Pompa primar - |9/201982 91201982 |Clrcui Phis02 5 - Defectare la porr|Rapoarte detura fin functionare Operating 4
g Phis02 S- & potr | R fura  in functionare Operating 4
Pompa primar | 95201952 - 9r20M952 R - Defectate in opel|Rapoarte deturs  fin functionare Operating 4
9201982 - Sigurant 97201982 Rapoarte detura  |reparat
Pompa primar |9/211982 - S-a ince 91211982 |Circuitul primar Phis02 5 - Defectare la porr|Rapoarte detura fin functionare Operating 4
Pompa primar - |9214982 - Pompa 3| 96214962 | Circuitul primar Phis02 B - Degradat Rapoarte detura  |in functionare Operating 4
Pompa primar | 90221952 - S5 oprit| 972201962 |Circuitul primar Rapoarte de fura
91221982 - Teavadh) 9221982 Fapoarte de fura
9/221982 - Verificar) 9221982 |Circuitul primar Rapoarte de fura
Wertilator axial  |8M0M995 - Schimba)  8M0A996 [Circuitul secundar | GNADH F - Nu functioneaza |Sutorizatii de lucru  (inlocuire Operating [ 1
an )|

Edit | Queries

Delete

DD

Figure 2. Main form of the application (with example records in Romanian)
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From the enlarged main form is also possible to write a report containing the result of
selection process and to calculate the failure rate or failure probability (depending on the
operation mode: run or stand-by) according to statistical formulas. This calculation is
accompanied by the calculation of confidence interval limits and the results are displayed in a
new view of the datagrid in the enlarged main form. The computerized system calculates
failure rate and confidence interval limits for the components in two operation modes: run and
stand-by.

To calculate the interval limits, Excel functions are used for F distribution and chi-
square distribution according to [3]. The formulas are as follows:

Stand-by

If £ is the number of failures and d is the number of demands, then:

Probability: p :g 1)
Lower 5% limit: p =1/(L+(d - f +1)/ f* FINV(0.05.2* (d — f +1),2* f)) 2

, Where FINV is probability fraction of cumulative F-distribution from EXCEL

Upper 95% limit: p =1/(L+(d — £)/I(f +1)/ FINV(0.052*(f +1.2*(d - f))) (3)

Note that fand d are sums of “Failures” and respectively “Demands” fields content
over all records appearing in the queries datagrid for that stand-by component.

Operating

If nis the number of failures, dt is the effective (operation) time interval and N is the
number of identical components in group then:

Failure rate: A =n/dtI N (hr'?) (4)

Lower 5% limit: 4 =CHIINV (0.95,2*n)/2/dtI N (5)
i
, where CHIINV is inverse of chi-square (°) distribution from EXCEEL

Upper 95% limit: 2 = CHIINV (0.05.2*(n+1))/2/dtI N (6)

u

Note that n is taken automatically as the number of failure records appearing in the
queries datagrid for that operating component.

The application is asking for the ratio (R ) between the operation time and calendar time
(C). The later is taken as a date difference function between ending date and starting date.
The failure rate is calculated using the effective (operation) time interval in hours:

dt=RxC
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The time ratio (R) is less or equal with 1.00 (pre-defined value = 1.00).
The output of the calculation is displayed as a new grid view containing the six or seven
fields (depending on the operation mode) bearing the following column captions:

V' “Component”

v/ “Component type”

v “Failure mode”

v' “Failure rate (hr') for operating components or probability for stand-by
components”

v “Lower limit for confidance interval limit 5%”

v' “Upper limit for confidance interval limit 95%”

v “Time used to calculate lambda (h)” (only for operating components).

To restore the queries datagrid view from the lambda calculation output view, the
“Show selected records” button can be used.

The figures 3, 4 and 5 show the results of the selection process and calculation of
failure rates for two components (centrifugal cooling fan and control rod drive).

PSARelData ]

Exit Help About

[ | | | | H

Description Date | System Componert type Failure mode Diata source Event type Cperation mode Mo.in g -

(1| 20211980 - Bara 1 nu 2219580 | Sistemul de masurs :|ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g Il

o1 /511980 - Bara 2 nu 2151 950 | Sistemul de masura ;[ ORA F - Nu functioneaza |Jurnale de operare |in functionare Stand-by g ]
Mecanizm bara de co| 2151980 - bara 7 n 2151 980 | Sistemul de mazura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
Mecanizm bara de co| 2151980 - bara 1 n 2151 980 | Sistemul de mazura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
ecanism bara de o) 2/26/1980 - bara 5 n 212601980 | Sistemul de masura ;| ORA F - Mu functioneaza |Jurnale de operare |in functionare Stand-by g
Mecanizm bara de ci| 202611980 - bara 3 n 21264 980 | Sistemul de masura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
Mecanizm bara de co| 20271980 - bara & n 21271 980 | Sistemul de masura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
ecanism bara de o) 2271930 - bara 7 n 21271980 | Sistemul de masura ;| ORA F - Mu functioneaza |Jurnale de operare |in functionare Stand-by g
Mecanizm bara de co| 20271980 - bara S n 21271 980 | Sistemul de masura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
Mecanizm bara de co| 20271980 - bara 3 n 21271 980 | Sistemul de masura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
ecanism bara de o 472561930 - Bara 6 o 41251 980 | Sistemul de mazura ;| ORA F - Mu functioneaza |Jurnale de operare |in functionare Stand-by g
Mecanizm bara de co|4/30/1980 - Bara B n 413041 980 | Sistemul de mazura ;| ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g
Mecanizm bara de co| 571930 - Bara 3 nu SI7M 950 | Sistemul de masurs :|[ORA F - Mu functioneaza |Jurnale de operare  |in functionare Stand-by g

-

o | o[

{4 D] g | e e awes |
Component Starling date Ending date Component type Syztem Failure mode Operation mode
|Mecanism barade co j |12.-"5;"1 973 j |B.-"28:’2Dm j |DHA j |Sistemul de masura s ﬂ ‘F - Nu lunctioneaza j |Sland-by ﬂ
[~ Al [~ Al [~ Al [~ Al [~ Al [~ Al [~ &l
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Figure 3. Selection process results for a component in stand-by (control rod drive) for
failure rate calculation

The operation mode for the selected failure examples is different for the two cases:
centrifugal fan — run mode and control rod drive — stand-by mode.
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Figure 4. Results of calculation of failure rate and confidence interval limits for control
rod drive (stand-by mode)
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Figure 5. Calculation results of failure rate and confidence interval limits for the
centrifugal fan (operating mode)
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The application has two auxiliary forms that deal with supplementary data in case the
“Data source” field in the database is either “Work Authorizations” or “Reactor Logbooks”
(figure 6 and figure 7). In these cases, the auxiliary forms, appearing automatically, allow the
recording and editing of the particular data that are found for that failure event in each of two
data sources.

The “Work Authorization” form appears automatically at click event on Validate data
button in order to record additional data when the data source is “Work Authorizations”.

The data can be edited by means of text boxes, except for the first two fields which are
displayed here for the sole purpose of identifying the failure record and consequently they
cannot be modified at this stage. Thus only the Starting data, Starting hour, Ending date and
Ending hour are to be introduced and/or modified using the controls in this form.

This additional form includes a data control that can be used to navigate through all the
records in the database having the data source “Work Authorizations” and to determine the
position of the current record inside this particular collection.

There is also a “Write Report File” button which causes the ‘Report_Filel.txt’ to be
written in the working directory.

The “OK” button will update the database and send the application back to the current
edited record in the main form datagrid.

w| futorizatii de lucru g@ .

Component Diescription _J
|P0mpa PCHS 10/19/1993 - Interventie la pompa 8.2 [12m)
Revizsion starting date Starting hour
1k |1 il LR 103 outof 122 B (M
Cony Revision ending date Ending hour Operetion made Mo. in g
b |Fon Cperating 2
|1 019415999 1400 frite: report fle 0K
Component Description Data zource Revision starting date[Revision starting hour | Fievision ending date]Revisi al
Lm 10/19/1993 - Interve| Autorizati de usu 10419/1933/11:00 | 10419/1993|14:.00
Pompa PCNS 9/27/1933 - Interver| Autorizati de lucru 9/27/1933 9/27/1933
3/27/1939 - Interver | Autorizati de lucu /271993 3/2715993
Wenlilator asial 841041596 - Schimb.| Autorizati de e 8/10/1336 8412115936
Werilator awial 94471996 - Verificar |Autorizati de lucu 341936 9/5/19%6
‘entilator awial 10/17/1996 - De rep| Autorizatii de lucru 10/17/1936 10/22/1996
Yentilator awial 3/3/1997 - Reparatie| Autarizati de lusn 3/341997(11:00 3/541997(15:05
Yentilator awial 7/6/1998 - Reparare| Autarizati de lusn 7/6/1938 | 7471938
Clapeta de retinere [+ 3/16/1982 - Pomit p| Autarizati de lucr 10431/1991|10:30 | 104311991 | 15:.00
Pompa Hermetic | 10/9/1930 - Remedi | Autorizati de lucru 10/9/1930{3:30 |
Pompa Hermetic | 10/3/1930 - Pompa | Autorizati de luciu 10/9/1330|3.30
Pompa Hermetic | 2/17/1931 - Revizie | Autarizati de lucru 247199700 2/2341991(13.007]
Sita pompa Hermetic| 3/26/1331 - Desfund Autorizatii de lucru 342641991 [10:00 34291991 (1220
Pompa Hermetic 104141331 - Remedi | Autorizatii de lucu 10A1/1951{5.10 o Queries
mrerm o L mrrnmbim FEM0MHA07 P el A bmrimmbil Ao bomen FEMoMHa02i4%90 FEMoHa02l4 4.00,
o 1 |

Figure 6. Auxiliary form for “Work Authorizations” data source

The “Reactor LogBooks” form appears automatically at click event on Validate data
button in order to record additional data when the data source is “Reactor LogBooks*.
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The data can be edited by means of the text boxes. In the case of “Reactor LogBooks”
form, the first two fields cannot be modified at this stage. Thus only the reactor starting date,
starting hour, number of control drives fail up, reactor shutdown date, shutdown hour, reactor
shutdown mode, number of control drives fail down, time interval are to be introduced and/or
modified using the controls in this form.

This additional form includes a data control that can be used to navigate through all the
records in the database having the data source “Reactor LogBooks” and to determine the
position of the current record inside this particular collection.

There is also a Write Report File button which causes the ‘Report_File2.txt’ to be
written in the working directory.
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Figure 7. Auxiliary form for “Reactor Logbooks” data source

The application has the capability to represent graphically the time evolution of number
of failures and failure rate by dividing the chosen time interval in an equal number of
segments also defined by the user. The form appears on click event on “Trends” button. The
time interval, between the starting date and ending date, is divided according to user defined
number of time division which is introduced in the coresponding form. Selection can be made
using the “Line/Bar” check box for the representation of either 2D bars chart type or line chart
type.

“Copy” button permits the copy of chart type or line chart type in a word file, using the
“Paste special” from the menu of Word.

Example of time evolution of “Fail to run” failure mode for TRIGA main pumps failure
rate is shown in the figure 8.
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Figure 8. Example of time evolution of TRIGA main pump failure rate for “Fail to run”
mode
3 CONCLUSIONS

The necessity to develop a raw data collection and processing computerized system
arose due to the need to:

Store all the information regarding the events produced in the operation of TRIGA
SSR reactor, whether these are systems or components failures, events due to test or
maintenance or information about reactor power, time intervals, number of scrams,

etc.;
Identify, retrieve, select and group information from raw data sources in a time

interval period;
Calculate reliability data, failure data and confidence interval limits, which are used as

input data in the Probabilistic Safety Analysis for TRIGA Research Reactor;
To assist maintenance, test activity in order to have a schedule of these activities, to

optimize the test intervals, repair times;
To study the failure rate evolution for the components.

The PSARelData System can be applied successfully with minor modification not only
for the others Research Reactors but also for data collection in the NPPs.
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ABSTRACT

The HANARO, a 30MW pool type research reactor in KOREA, has many safety barriers to
prevent accidents or to mitigate the consequences of accidents. Multiple barriers are
incorporated into the design to avoid core damage, irradiation accidents, and a release of
radioactive material and a leakage of pool water. Safety barriers designed by considering a
defence-in-depth concept should always be operable. The integrity of these barriers are
verified periodically by tests and inspections. The reactor operation is restricted according
the operating limiting conditions if any barrier is broken. In this paper, hazards and safety
barriers are discussed.

1 INTRODUCTION

The HANARO is a pool type research reactor which produces a 30MW thermal power
and a maximum 5E14 thermal neutron flux maximum. The reactor assembly consists of an
inlet plenum, a heavy water tank with a honeycomb shape core, and a hexagonal chimney.
The reactor uses light water as a coolant for all cooling system and heavy water for the
reflector cooling system. There are three water pools in the reactor hall of the reactor building.
The reactor pool and the spent fuel pool are 13 meters deep to attain a sufficient shielding and
cooling capacity and the service pool is 6 meters deep. The reactor hall acts as a confinement
which allows a limited leakage of air. Many safety barriers are incorporated into the design of
the HANRO for a health, physical, industrial, radiation, and nuclear safety.

2 SAFETY BARRIERS
2.1 Physical and Industrial Safety

The environment in the reactor hall is not void of the accidents which are common in
industrial plants. There are water pools, deep rooms with removable hatches, high walk ways,
and cranes as shown in figure 1.

A3-029.1
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Figure 1 View of the reactor hall

For the potential dangers in the reactor hall, the countermeasures are provided in the
table 1.

Table 1 Barriers against the physical and industrial hazards

Hazards Area Barriers Verification
Falling(human, | -Pool -Safety hand rail -Surveillance
things) -Walkway -Access control -Supervising

-Crane
-Deep room
Dropping(things) | -Pool -ditto -ditto
-Walkway -deposit -training
Sabotage -Hall and building -Safety door -Periodic tests
entrance -Finger print -Supervising
identification -Audit
-Multiple check points
Dangerous work | -Work place -Personal protective -Work procedure
equipment -Training
-Proper tools
-Human error
protection

2.2 Radiation Safety

All the nuclear facilities in HANARO have mitigation provisions for the relevant
postulated accidents to protect humans, the environment, and equipment. Because HANARO
is a pool type reactor, shielding and cooling is maintained by the inventory of the pool water.
And the heavy water is managed strictly to avoid the risks from a tritium leakage. The air
contaminated in the reactor hall is filtered and exhausted through the dedicated ducts and
stacks to reduce risks to the employee, the public, and the environment. Also the solid and
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controlled manner. Barriers provided for the radiation protection are presented in table 2.

Table 2 Barriers against radiation hazards

Hazards Risks Barriers Verification
-Pipe break -Loss of pool -High connection pipe -Periodic inspection
-Seal leakage inventory -Siphon hole
-Pool liner leakage | -Loss of pool -Concrete shielding -Periodic inspection

inventory -Stainless steel liner -Real time monitoring
-Leak detector
-Beam tube -Loss of pool -Leak-tight joint -Periodic inspection
leakage inventory -Leak detector -Real time monitoring
-Leak-tight tube cover
-Failure of -Loss of -Redundant devices -Periodic tests
dampers, filters, | confinement -Filter performance -Performance tests
and ducts function -Monitoring sensors -Real time monitoring
-D20 equipment room (position, pressure
confinement difference)
- Waste spread -Failures of -Administrative control | -Work permit
waste -Proper equipments -Periodic inspection
management -Check points -Surveillance
-Supervising
-Contamination -Failure of work | -Administrative control
control -Work procedure
-Monitor and survey
-Irradiation -Accidents -Biological Shied -Barrier verification
-Administrative control | -Work permit
-Work procedure -Safety evaluation
-Human error -Safety culture
protection -Supervising
-Real time monitoring
-Sampling and
analysis

2.3 Nuclear Safety

Nuclear safety, such as a core damage protection is a basic and important feature for
nuclear installations including the HANARO reactor facility. Safety barriers for the nuclear
hazards of the HANARO reactor are provided by considering the relevant postulated initiating
events. The following events are analysed and verified as manageable events within a safe
shutdown state

® | oss of a coolant flow
B Loss of a primary coolant flow
B Loss of electric power
B Failure of a bypass flow control
B Loss of a secondary coolant flow
B Loss of a reflector coolant flow
@® Reactivity accidents
B Start-up accident
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B Withdraw of control rods
B Reactivity insertion from the experimental facility
B Introduction of cold water
® External events
B Earthquake
B Fire
B Flooding
® Other failures
B Fuel handling
B Equipment failure
All the relevant postulated events or accidents can be mitigated to prevent core damage or a
severe accident by the following multiple barriers
® Fuel design
® Fuel cladding
® Upward and passive cooling system
® Reactor concrete island
® Pool water inventory
® Biological Shield
® Confinement building
® Emergency ventilation system
® Emergency water supply system
® Reactor protection system
® Fail safe design

3 CONCLUSIONS

Hazards in the HANARO research reactor facility are investigated. There are risks to a
physical, industrial, radiation, and nuclear safety in the HANARO plant. Multiple barriers for
the various hazards are provided in the form of physical installations, work procedures, and
administrative measures. In addition to the barriers, many training programs cover the
potential human errors.
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Transient Behaviour of Low Enriched Uranium Silicide Plate-Type Fuel
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ABSTRACT

The pulse irradiation tests were conducted on un-irradiated silicide mini-plate fuels. The
principal aim is to study a failure threshold and its mechanism as a function of deposited
energy and peak cladding surface temperature. It is revealed that the fuels were intact at
energy depositions <82 cal/g but failed at energy depositions of >94 cal/g. A failure
threshold must be existed between these two values. Two failure modes, that is, a through-
plate cracking occurred below the melting point of Al cladding  640deg.C and Al
cladding melt above 640deg.C are revealed. The cause of the former is estimated to be a
thermal stress occurred during fuel quench.

1 INTRODUCTION

To understand a transient behaviour of a low enrichment uranium silicide mini-plate
fuel for material testing and research reactors, the experiment was conducted on un-irradiated
mini-plate fuels at Nuclear Safety Research Reactor NSRR in JAEA  The former Japan
Atomic Energy Research Institute, JAERI . In 13 experiments, 8 mini-plate fuels were
damaged at the temperatures ranged from 174 deg.C to 970 deg.C. Fuel failure threshold and
failure mechanism as well as dimensional stability of the mini-plate fuel were studied by
means of in-core instrumentations and post-pulse irradiation examination PIE . The
results obtained in this study should be useful as a database for safety evaluation of water
cooled research reactors existed in the world [1].

2 EXPERIMENT
2.1 Test Mini-Plate Fuel

The test mini-plate fuel used in this study were designed by JAERI and fabricated by
two foreign vendors; CERCA in Romans, France and B&W in Lynchburg Virginia., the U. S.
The outline of it is shown in Fig. 1. Similar plate-type fuels are fabricated for the cores of the
Japan Materials Testing Reactor JMTR  and Japan Research Reactor-3  JRR-3 . The
fabrication processes for these mini-plate fuels were described elsewhere [2,3].
Characteristics of the test mini-late fuel are summed up in Table 1. The test mini-plate fuel
consists of the fuel core 25>70>0.51mm sandwiched by Al-3wt%Mg based alloy
cladding 35>130><0.38mm , hereinafter abbreviated as “Al cladding”.
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Table 1: Physical and mechanical parameters of the tested silicide mini-plate fuel fabricated

by CERCA and B&W.
1. Silicide core  U-21wt%Al-7.5wt%Si
1 Dimension mm 70 length x25 width x0.51 thickness
2 Enrichment  wt% 19.89 0.84 0.86 gU-235 per plate
3 Element
Si wt% 75 CERCA ,7.7 B&W
U wt% 92.3, U density : 4.8g/ c.c.
Void fraction 5.0+0.9 CERCA , 6.3+0.9 B&W
4 Composition
Fuel U3Si2+USi, U3Si2 density :12g / c.c., U3Si2 > 97wt%
Matrix ASNE CERCA ,A6061-0 B&W
2. Aluminum alloy cladding
1 Dimension mm 130 length x35 width x0.38 thickness
2 Composition Al-2.8wt%Mg-0.04wt%Mn-0.01wt%Cr  AG3NE
Al-1.0wt%Mg-0.67wt%Si-0.25wt%Cu-0.25wt%Cr  A6061-0
3 Density glc.c. 2.67
4 Mechanical properties
at room temp. CERCA B&W
Tensile strength  MPa 240 114
0.2% proof strength  MPa 130 62
Elongation % 25 29
5 Blister test No blister at annealing temperature of 475 , >1h

2.2

outer diameter

Instrumentation and Irradiation Capsule

The in-core instrumentation was Pt/Pt-13%Rh bare wire thermocouples
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deg.C. These were, as shown in Fig. 1, spot welded directly to the external surface of the
mini-plate fuel at different locations. The maximum numbers of welded T/C’s a mini-plate
fuel were 9. In most experiments, however, T/C’s used were 5. After assembling mini-plate
fuel in the supporting jig with electric cables, it was loaded into irradiation capsules as shown
schematically in Fig. 2. All the irradiation tests with those instrumentations were conducted in
stagnant water at room temperature about 20 deg.C and one atmospheric pressure inside the
sealed irradiation capsule [4].

Figure 2: Schematic drawing of NSRR irradiation
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2.3 Pulse history

The half-width of power of NSRR pulse irradiation is a minimum of about 4.4ms at a
maximum integral power of 110MW s. The value of this width varies from 4.4 to 20ms
depending on the magnitude of inserted reactivity. The effect of pulse width variation in this
experiment is, however, negligible since the pulse-width is far below the thermal time
constant of the mini-plate fuel (approximately 0.1s). The integral value of the reactor power P

MW s measured by micro fission chambers was used to estimate deposited energy Eg
cal/g fuel plate in each test mini-plate fuel. Hence, Eg = kg >< P, where the power
conversion ratio kg cal/g fuel plate per MW s , is the ratio of mini-plate fuel power to

reactor power. This ratio was determined through fuel burn-up analysis [5], taking the radial
and axial power skew into consideration.
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Table : Summary of the results of in-core measurements and PIEs for the tested silicide mini-plate fuels
Experiment 508-12 508-1 508-2 508-10 508-7 508-9 508-6 508-8 508-11 508-13 508-3 508-4 508-5
Miniplate fuel number CS514837|CS514815[CS514816] 12907020 | 12907010 | CS514834 [CS514831|CS514832| CS514836| 12907030 |CS514819| CS514829| CS514830
Deposted energy (cal/g fuel plate) 32 62 77 82 94 95 96 97 98 115 116 154 164
Peak cladding surfece temperature ()
#1 133 x{a} 200 216 198 279 270 309 NoT/C 391 350 971 779
#2 136 177 179 180 210 315 229 261 - - 372387 893 689
#3 136 216 183 227 199 284 202 211 - - 414 652
#4 134 234 178 173 237 285 X 244 - - 393 881 918
#5 139 178 195 204 191 305-261{b}] 205 330 - - 424 5441 930957 | 578656
#6 139 {c}- - 182 - 280 - - - - - - -
#7 140 - - 173 - 282 - - - - - - -
#8 (No active fuel core region) 60 - - - - - - - - - - - -
#9 135 - - - - - - - - - - - -
Averagezon-1( ) 13713 201128 187110 194422 207+18 290+14 227+31 271148 - 391 418474 | 871+128 | 761+117
Coolant temperature; prepulse () 21 20 22 21 24 22 21 24 21 16 18 17 22
;peak () 26 24 26 28 53 58 43 45 39 42 47 35 34
Temp.drop AT(Tmax-Tp); min ()| 26(#1, #5)| 72(#5){d} | 77(#2) | 73(#1,#4) 74(#5) 149(#7) 96(#3) 105(#3) - 391(#1) | 240(#1) | 540(#3) | 463(#2)
s max () 31#9) | 128(#4) | 98(#5) 120#3) | 122(34) | 202@2) | 159@#1) | 214(#5) - 391(#1) | 440(#5) | 882(#1) | 853(#4)
Cladding wall; min (mm) 0.256 0.320 0.261 0.355 0.340 0.347 0.330 0.355 0.347 0.154 0.000{e} 0.010
Cladding wall; max (mm) 0.412 0.419 0.388 0.413 0.408 0.416 0.412 0.427 0.394 0.540 0.671 0.652
Fuel meat thickness; min (mm) 0.433 0.426 0.427 0.462 0.450 No PIE 0.423 0.442 0.427 0.491 0.447 0.565 0.578
Fuel meat thickness; max (mm) 0.556 0.610 0.587 0.543 0.554 0.558 0.560 0.549 0.554 0.620 1.078 1.125
Fuel plate thickness; min (mm) 1.235 1.270 1.148 1.240 1.206 1.233{f} | 1.224{f} 1.247 1.261 1.058 0.560 0.795
Fuel plate thickness; max (mm) 1.253 1.330 1.21 1.260 1.274 1.258 1.261 1.267 1.289 1.440 1.515 1.549
Maximum bowing (mm) 0.22+0.14| None None 0.11+0.07 | 0.12+0.11 0.53+0.16] 0.14+0.07[ 0.11+£0.03 | 0.43+0.38 | 1.2+0.85 | 6.4+0.18 | 2.7+1.2
Failure(F) / No Failure (NF) NF NF NF NF F F F F NF F F F F
Faikure mode Mechnical crcking due to thermal stress Cladding melt
Findings in PIE{g} IC(2),PT(2) PT(3) IC(HPT(1) | IN(1),PT(1) IC(1),PT(1) IC(3) PT(2) IC(1), PT(1)
HS(1) HS(1) CS, CM CS, CM

{a} Thermocouple (T/C) malfunctioned

{b} Two temperature peaks
{c} No thermocouples(T/C's) welded

{d} Temperature drop of 72 ocurred due to quench at thermocouple location #5
{e} No cladding wall due to significant aluminun agglomeration and denudation

{f} Thickness reduction due to hot apot was not taken into consideration

{g} IC:Incipient crack(number of observations), PT: Through-plate crack, HS: Hot spot, CS: Fuel core separation, CM: Aluminum cladding melt
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3 RESULTS AND DISCUSSION
3.1 Transient Temperature

Table 2 is the summary of the results of in-core measurements and PIE. Technical
terms used in the table are explained in the following sections.

In Fig. 3, a typical transient temperature measured by T/C #4 that received an energy
deposition of 97 cal/g fuel plate is shown with the pulse power, indicated by dotted line. It
can be seen from the figure that cladding surface temperature hereinafter abbreviated as
CST  exceeded the boiling temperature, T; 154 deg.C , beyond the saturation
temperature, Tge 100 deg.C ., due to the pulse irradiation. Commencement of coolant
boiling at temperature T; was determined by data from capsule water level sensor. Namely,
the timing of coolant boiling was detected by the movement of water free surface, and the
timing of water free surface movement is detected by floating buoy having a magnetic sensor .
The CST continued to increase to an overshoot temperature, T,y 203 deg.C . It then
decreased to 194 deg.C and remained <10ms. This CST was thought to be the commencement
of film boiling. The author signify it as Tpns and denote here as the departure from nucleate
boiling DNB temperature. A signal of DNB temperature can be detected from a
temperature plateau should be appeared after T,,. The DNB value was found to be 174+6
deg.C from the average of 31 data points.
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Figure 3: Typical example of cladding surface temperature  solid line  and reactor power

dotted line , showing boiling temperature T; , DNB temperature Tpng , maximum
overshoot temperature  T,, , peak cladding surface temperature Tpax , quench
temperature T, ,temperature drop AT ,and time to quench t, . These are from
T/C #4 of the mini-plate fuel used in experiment 508-8 97 cal/g fuel plate, failure

39 of 70



A3-035.6

Above Tpng, the increase in CST terminated at temperature T, 244 deg.C . The
CST was then quenched to temperature T, 116 deg.C  during an interval of t,  0.135s
The magnitude of the temperature difference is given by AT=Ty.-Tp and is denoted here as
the “temperature drop 128 deg.C for this case . Note that peak CSTs measured in the
course of experiments are above Tpng except one which is performed intentionally to have
peak CST<Tpng  Experiment 508-12, 32 cal/g fuel plate, see Table 2

In two experiments 508-4 and 508-5, all peak CSTs further exceeded the melting point
of Al cladding. Figure 4 shows a typical transient temperature around melting point observed
in the former. Measured melting point of the Al cladding was found to be 579+36 deg.C, an

average from 10 T/C’s. It was lower than that 640 deg.C  given by the binary phase
diagram due to the fin effect of the T/C’s [6].

iR Figure4 Experimentally
?6__3 ! ' ' observed solidus-
E - %%ﬁé%égl - o liquidus transf(;rr;l‘alltion

i rich.=1989 wo n temperatures o -
E BerehE bl = o 3wt%Mg alloy
E i #3 7 AG3NE by T/C’s
7 ¥ ¥ IR S YR R S e T 12° . : o ]
% LT /(*—G-Z-C— e welded directly to the
i PHYSICAL - e AT mini-plate fuel surface,
= S00- SouOUS-LIGUIDUS 531 € 53 : L h . .
REGION A £l where physical solidus-
L - (573°C~640%) 4 1 liquidus transformation
= L i temperatures cited from
Q i B = T binary phase diagram of
= =2 2= ] the Al3wt%Mgalloy
LDL L = — £ are shown by hatched
§ , F , - B area for comparison.
0.27 0.32

TIME (s)

3.2 Failure Threshold and Mechanism

Figure 5 summarizes the relation between the measured peak CST and the given
deposited energy. Note again that all peak CSTs are above Tpng except one case 32
cal/g fuel plate . The tested mini-plate fuel are intact at energy depositions <82 cal/g fuel
plate, while they are damaged at energy deposition >94 cal/g fuel plate except one mini-
plate pulsed at 98 cal/g fuel plate without T/C’s. The cause of this exception is not clear.
The possible explanation is that the mini-plate having no T/C had rather uniformly quench
because of no fin effect. The author consider from experimental facts that between 82 and 94
cal/g fuel plate, a failure threshold must exist.
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Figure 5: Peak cladding surface temperature read directly from the welded T/C as a function
of deposited energy, where data point from experiment with no T/C is shown by arrow at the
corresponded energy deposition. The dotted line indicates the Tpng 174 deg.C

The failure mode was dependent significantly on deposited energy, that is, CST. It is
revealed from the figure that there are two failure modes. One is either a through-plate
cracking (<400deg.C) or an incipient cracking occurred between 400deg.C and 640deg.C.
The other is apparently Al cladding melt. Detail discussion about failure mode is as follows;

(1) Through-plate cracking failure

For through-plate cracking, a typical example is shown in Photo 1 from B&W 94 cal/g
fuel plate, peak CST: 237deg.C . Two major through-plate cracks propagated
perpendicularly from a cladding external surface to fuel core. These cracks are intergranular
and rather tight, and they existed locally. This occurred without accompanying significant
dimensional changes to the tested mini-plate fuel. The observed damage is likely to be a
hardening crack led by a thermal stress due to the temperature drop AT. The calculated
thermal stress caused by AT is ranged between 156MPa and 216MPa, which is greater than
the tensile stress (120MPa) and 0.2% proof strength (§85MPa) of B&W mini-plates. It implies
that the local stress arising from the temperature drop AT during the quench is enough to
affect on test mini-plate fuel cracking. On the other hand, the calculated thermal stress for
CERCA fuel ranged between 175 and 394MPa, which is close to or greater than the tensile
stress (230MPa) and the 0.2% proof strength (125MPa) of the CERCA mini-plate fuels.
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Photo 1: a Overview
of the test mini-plate fuel
at 94 cal/g fuel plate
B&W, peak CST: 237
deg.C , where two
through-plate cracks
occurred locally. b
The polished longitudinal
section cut from the
through-plate crack at the
plate top region.

D

SILICIDE CORE

b_ﬁLCLADD[NG

EX508-7,12907010. gseaistost, asPoLIsHED ™2 (b)

(2) Incipient cracking failure

As shown in Photo.2, at temperatures between 400 and 640 deg.C, the test mini-plate fuels
failed by incipient cracking, accompanied by a significant plate deformation. This seems to be
due to annealing of Al cladding. Namely, crack propagation from Al cladding surface during
quench might be ceased at annealed (softened) Al material.

Photo2. Cross section of pulsed mini-plate fuel at energy
deposition 116cal/g fuel plate in experiment 508-3, where
peak CST was about 544deg.C. Increase and decrease of meat
thickness due to cladding melt is clearly observed.

(3) Al cladding melt

At temperature beyond the Al cladding melt, the test mini-plate fuel failed accompanied with
significant formation of molten Al holes, molten Al agglomeration, fuel core separation, and
through-plate cracking. This is shown representatively in Photo 3 and Photo 4.
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Photo 3: Cross section of
pulsed mini-plate fuel at
energy deposition 164
cal/g fuel plate in
experiment 508-5, where
peak CST was about
918deg.C. Formation of
molten Al holes and
molten Al agglomeration
1s seen.

(U,Si)Al
EX.508-4 FRONT Photo 4: Cross section of pulsed mini-plate
CS514829 | fuel at energy deposition 154 cal/g fuel

AS-ETCHED plate in experiment 508-4, where peak CST

was about 957deg.C. Through-plate
cracking and fuel core separation are seen.

SILICIDE CORE

In Fig.6, in-core data for no cladding melt condition and for cladding melt one are
shown. In both cases, neither detectable increase of capsule pressure nor movement of water
column was observed. Hence, in spite of drastic damage, the test mini-plate fuel did show
neither fragmentation nor destructive force that would be expected from interaction of molten
fuel with coolant.
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Figure 6: In-core measurement of
capsule pressure, water front
movement, cladding surface
temperature and reactor power as a
function of time. These are from

a experiment 508-6 96
cal/g fuel plate, no cladding
melt and b experiment 508-
5 164 cal/g fuel plate, cladding
melt . In the latter, a little
variation immediately after pulse
occurred at capsule pressure and
water front movement due to a
natural convection of coolant.

scanning electron microscope combined with x-ray micro
photographs obtained from experiment 508-5 peak CST>746 deg.C
obtained from experiment 508-6

and that
are shown. In the latter, a

microstructure composed of fuel elements U, Siand Al did not change significantly. In the
former, however, a reaction between aluminium matrix and silicide particle did occur due to
the diffusion of the composed elements. As a result, two additional new phases at outermost
of the silicide particles were formed.

508-6 96 caligfuel
Local temp. < 270°C
Gram size:47um
Single phase

52 g‘fL.h 8%, Silwo)

508-5:164 callgfuel
Local temp. »746°C
Grain size: B2um
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Photo 5: SEM/XMA examined along
line | shown in the central part of the
picture, where a specimen from
experiment 508-6 96 cal/g fuel
plate, peak CST<270 deg.C and

b  specimen from experiment
508-5 164 cal/g fuel plate, peak
CST>746 deg.C

A relative magnitude of detected
elements was

Al:S;:U=1:1:5 forcase a
and
Al:S;:U=1:25:5forcase b
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3.3  Dimensional Stability

JRR-3 safety analyses principally performed by the EUREKA-2 computer code
predicted that the maximum PCST after water channel closure was about 228deg.C for
silicide fuel. From the viewpoint of verification, a dimensional stability was studied by data
obtained from PIE. Hence, the magnitude of bow, that is, the magnitude of water channel
closure was determined by specimens cut longitudinally or transversally from pulsed mini-
plate fuel. These data are also summarized in Table 2. During PIE, either longitudinal or
transversal cut was made along to the T/C. Therefore, a dimensional stability of the plate
could directly be related to the measured peak CST.

In Fig.7, a maximum bowing of the silicide mini-plate fuel is shown. Up to the mini-
plate fuel temperature of 400deg.C, the bowing was less than Imm 42% gap closure in
maximum case), still remaining a safety margin for the coolant flow. When the temperature
was exceeded 400deg.C, however, bowing became greater and closed the water gap. The
magnitude pf bow was enhanced significantly by occurrence of necking, that is, a marked
thinning of the plate wall thickness at the end peak locations. Such condition is shown in
Photo.6. Strictly speaking, the magnitude of bow determined by a single plate configuration
may not enough for discussing the safety margin of water channel closure because in
conventional research reactor many fuel plates are assembled together. To simulate such
multi-bundle condition, at least a pulse irradiation by triplet configuration is necessary. The
author has done such kind of experiment. The results are another topics of a separated report.
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Figure 7: Observed maximum bowing of silicide mini-plate fuel at PIE, where cuttings a plate
were made either of longitudinal T/C#5  or of transversal sections  T/C’s except #5
in order to contain at least one T/C in a cut specimen
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EX 508-4 .
5514829 TR
AS-ETCHED, After Repolishing -

(U, Si)Al

Photo.6 Cross section of pulsed mini-plate fuel at energy deposition 154 cal/g fuel plate in
experiment 508-4, where peak CST was about 957deg.C. The marked thinning of the plate
wall thickness at the end peak locations (necking) occurred locally and enhanced the
magnitude of plate bowing.

4 CONCLUSIONS

The conclusions reached in the present study are summarized as follows:

(1) The tested silicide mini-plate fuels were intact at energy depositions <82 cal/g fuel plate
but were damaged at energy deposition>94 cal/g fuel plate. A failure threshold must
exist between these two values. Departure from nucleate boiling about 174 deg.C and
temperature drop AT>72 deg.C during quenching occurred in all tested fuel plated at
energy deposition >62 cal/g fuel plate.

(2) The failure mechanism was dependent on the energy deposition, in turn was strongly
associated with the peak CST of the test fuel plate. Failure at temperature below 640deg.C

Al melting point is caused by the thermal stress caused by the temperature drop
during the quench. Several local intergranular cracks perpendicular to the axial direction
of the plate have propagated from the cladding external surface to the fuel core. Test mini-
plate under this situation showed little dimensional changes. Failure at temperature above
640deg.C is caused by the Al cladding melt. Test mini-plate under this situation showed
large dimensional changes

(3) Below the temperature 400deg.C, the fuel plate bow was less than 1mm (42% channel
closure in maximum), which remained the safety margin for coolant flow. When the
temperature was exceeded 400deg.C, however, the fuel plate bow became greater and
caused the closure of water gap. The bow was enhanced significantly by occurrence of
necking, that is, a marked thinning of the plate wall thickness at the end peak locations.

(4) Within this experimental scope (temperature <970 deg.C , no destructive force as a
result of interaction between molten Al and coolant was observed.
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ABSTRACT

Up to now, the French aluminium plate-type, water-moderated research reactors have been
designed accounting for the consequences of a core disruptive RIA, assuming an envelope
bounding thermal energy release of 135 MJ during the power transient, and a mechanical
energy delivery in the thermodynamic interaction between molten aluminium and the liquid
water of 9% of the whole thermal energy. According to the IRSN, both BORAX-I, SPERT-
| destructive tests and SL-1 accident do not show restrictive phenomena on the thermal
energy release, which mainly depends on reactivity insertion and core features.
Consequently, in the framework of "Beyond Design Basis Accident” (BDBA) analysis,
IRSN has decided to study scenarios representative of large reactivity insertion sequences
using a semi-empirical simplified model and extending the application of the coupled
neutronics-fluid dynamics code SIMMER, originally developed for LMFR, to the BDBA
field in water-moderated research reactor. An innovative method to improve the treatment
of resonance self-shielding in heterogeneous media has been developed; a model to treat
fuel plate geometry has been implemented and new clad-to-coolant heat transfer
coefficients suitable for extremely fast transient conditions, have been adopted. For the
large reactivity insertion sequences tested, it was found that the geometry of the core
immediate surroundings (including the narrow coolant channels and the reactor vessel, with
a coolant inlet and coolant outlet separated from the main pool), has a major impact on the
transients. The investigation of structure failure model can finally answer questions about
the mechanical energy release, the deformation potential, the influence of failure on
mechanical loads elsewhere, and the maximum local pressures.

1 ACCOUNTING OF RIA SEVERE ACCIDENT FOR FRENCH RESEARCH
REACTORS

Core destructive tests carried out in the United States in BORAX-I reactor in 1954 and
SPERT-I in 1962, as well as the accident which occurred on January 3, 1961 in SL-1 reactor
in the United States (Idaho), have emphasized that water-moderated with aluminium-type fuel
reactors could be, in case of a fast and large reactivity insertion, dramatically damaged by
violent excursions of power involving degradation, even the fast melting of a part of the core,
as well as the partial or total degradation of reactor structures of the. The thermal energy
released generates a water steam bubble, by fuel-coolant interaction (FCI), which expands in
the primary loop and in the reactor pool, with shock waves. This accident can particularly
induce:

¢ the destruction of experimental devices, which can contain non condensable gas,
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e the damage to the reactor pool walls,

e the weakening containment lower part, by thermal effects of not dispersed
melted materials,

e awater spray to the hall of the reactor,
e a production of hydrogen by the oxidation of aluminium by the steam water,

e adamaging of the upper part of the containment (hall of the building), due to the
increase of both temperature and pressure, and, maybe, a hydrogen explosion,

e the transfer of rare gases and volatile fission products to the hall of the reactor
building, as well as a possible drive of fragments or fuel particles in this hall,
etc.

In France, this type of accident, named BORAX, is taken into account in the design of
research reactors. Although considered as a “Beyond Design Basis Accident” (BDBA), which
induces strong arrangements to prevent its occurrence, this accident actually is an extension of
the “Design Basis Accidents” (DBA) domain through design of important safety related
equipments (containment buildings, walls of the pools, post-accidental heat removal systems,
filtration devices, etc.); accordingly, these important equipments have functional requirements
in order to allow mitigating the BORAX.

In the case of the French research reactors, this accident has been historically accounted
for through an energetic approach. The main assumptions were, for all the reactors, a thermal
energy of 135 MJ delivered in fuel during the transient of power and a mechanical energy,
from the FCI as much as 9% of thermal energy. These assumptions have been adopted for the
last research reactors built in France, namely the High-Flux Reactor in Grenoble and the
reactor ORPHEE in the Saclay Nuclear Centre.

In 2003, during the assessment of the JHR (Jules Horowitz Reactor) safety options,
IRSN wondered upon these a-priori assumptions, because several main features reduce the
representativeness and the transposition of destructive tests such as BORAX-I, SPERT-I to
the RJH case. IRSN mainly noticed that:

o the fuel of those reactors was high enriched in 2°U (93%), which is not the case
for many current research reactors, and, in particular, the JHR;

e no absolute limit seem existing on the thermal energy release: this energy
depends strongly on the introduced reactivity and Kinetics. The three reports
BORAX-I, SPERT-I and SL-1 do not provide any element likely to justify that
the value of 135 MJ is an absolute maximum.

Consequently, IRSN considered that it was advisable adopting another approach for this
type of accident, based on the study of scenarios representative of the sequences of reactivity
introduction, to be taken into account in the BDBA scope, accounting for all available
knowledge and adopting up-to-date modelling to study the phenomena brought into play.
Following the request formulated in this direction by the French Safety Authority, the studies
carried out by the CEA for the JHR preliminary safety report lead to a thermal energy in case
of BORAX higher than 135 MJ. For the expertise needs, the IRSN undertook, in collaboration
with various international partners and mainly FzK, an adaptation of the code SIMMER-III,
originally designed for the fast reactors sodium-cooled. This paper displays some present
aspects of this important work in progress.
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2. SIMMER-IIl  MODIFICATIONS FOR MODELLING RIA IN
RESEARCH REACTORS

SIMMER consists of three modules: for space-time neutron Kinetics, for reactor
structures, and for multiphase multi-component transient compressible fluid dynamics.
SIMMER is dedicated to LMFR Safety studies [1].

Fluid Dynamics

«Multiphase multicomponent flow
=Fluid heat-transfer coefficients
Fluid mass and =Flow regimes/interfacial areas Mass transfer (structure

<Momentum exchange functions - -
temperature wHeat and mass transfers breakup, melting/freezing)

=Equations of state
Nuclear heating Heat transfer\
N 4

. Nuclear heatin
Neutronics — Structure

«Improved I:{Llaélrstatlc mellhod Structure mass and «Can wall heat transfer
<Neutron transport/flux shape <Fuel pin and can wall breakup
«Cross-section shielding temperature «Structure configuration

=Simple decay heating \ ~Optional detailed pin model

J

Figure 1: SIMMER overview

It is built on two superposed Eulerian meshes with cells that are consistent with the
needs of both, the neutronics and fluid dynamics. For each of the eight major components, a
full beyond-van-der-Waals equation of state is used [2], and each mobile component can have
its own velocity.

1.1 Neutronics

The implementation of the neutronics part of the code has been carried-out with FZK,
which has extended available and generated new cross section data libraries for SIMMER
thermal reactor application. It has also improved the code with respect to neutron up-
scattering and to the heterogeneity effect treatment in thermal reactors.

A set of codes for cross-section processing available at FZK has been extended in order
to provide data in the JNC-extended CCCC format, and has been used for including data
(from the ENDF 6.8 data library) for Be-9 (metal) in the 18-group library that is currently
employed at IRSN for RHJ studies. Data for Be-9 are required for modelling of the research
reactor reflector.

A new 40-group library for SIMMER that may be adopted in future studies on research
reactor has also been implemented. Test calculations - performed by now at FZK - show that
this 40-group data library provides more accurate results (compared to the 18-group one) for a
set of thermal reactor models proposed by IRSN for benchmarking of SIMMER neutronics
capabilities.

It has been extended the cross-section processing part of SIMMER in order to include a
newly developed technique for taking into account heterogeneity effects. The preliminary
results show that this technique improves the accuracy of calculations for the reactor models
proposed by IRSN. Additional efforts on validation of the mentioned technique will probably
be performed during this year
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From the initial runs for simplified geometric arrangements it was obvious that the
currently available version of SIMMER was not particularly well suited for the treatment of
thermal reactors. Especially the neutron up-scattering during transients was not dealt with
efficiently. As we already knew about this shortcoming from own experience, we were able to
implement corresponding improvements fairly quickly which helped appreciably to improve
the performance of the so-called gamma-iteration. Some unexpected difficulties with
convergence performance, which may be related to rather coarse spatial meshes and
correlated negative flux fix-ups had to be investigated in detail and suitable improvements
have been implemented in an updated version of SIMMER. At present, it cannot be
completely excluded that further modifications will be needed e.g. for a much more refined
model of research reactor with smaller meshes and/or adoption of more energy groups.

1.2 Reactor structures

The description of the interior of the reactor structures can deal with undestructed
geometry in which three characteristic temperatures are given in each cell in order to model
heat conduction, a state of destruction inception where a part of the structures remains intact,
and a fully destructed state where all liquid and solid debris move and interact with the liquid
or gaseous coolant. Destruction inception is based on threshold temperatures, melted volume
fractions, and/or pressures in the interior of the structures.

Rising fuel temperatures have two main effects: first, the Doppler broadening reduces
reactivity, and second, the fuel dilatation reduces the presence of water next to the fuel thus
lowering the level of neutron slowing-down. The water that is pushed out of a given cell
flows to its neighbours. As will be described below, the fuel structure can exchange energy
and momentum at its surface with the coolant water. SIMMER possesses a heat transfer
correlation based upon transient overpower experiments in the NSRR reactor [3] with
conditions very similar to those of the present study (see figure 2).
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Figure 2: SIMMER heat transfer coefficient for transient boiling
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Beside the fuel elements, the code describes the transient behaviour of left and right
subassembly outer structures (in research reactor the casier) each of which having two
characteristic temperatures. These structures can also melt or mechanically fail.

1.3 Fluid dynamics

The model describes the movement of continuous and discontinuous fluids including
solid particles in a staggered Eulerian mesh with state values defined at the cell centres, and
velocities at the cell boundaries. The solution of the conservation equations of all components
and states is of second order in space and time. A predictor-corrector method guarantees a
smooth incorporation of the two other modules with the objective of conserving mass,
momentum, and energy. The interfaces between all mobile components and between them
and the intact structures are interfacial areas which depend on space and time. These areas are
calculated using a simplified convection equation with built on source terms based on
correlations from the multiphase fluid literature. A several year long verification program of
this code part has been performed at CEA [4].

In the research reactor, the fuel channels are very narrow. It would be prohibitive to
model all 296 channels individually. Instead, one SIMMER ensemble of fuel element and
adjacent channel represents several ten channels. During a very rapid heat-up of the fuel, the
temperatures in the water may vary substantially, from close to evaporation at the fuel
element surface to slightly heated up in the channel centre. Because the heat is predominantly
flowing into narrow layer at the structure surface, this results in an early water evaporation
which, in turn, reduces coolant densities and lowers reactivity. Therefore, the coolant channel
has to be divided into four radial sub-channels. The thickness of the sub-channel next to the
fuel is chosen so that results of very fast heat-up transients in the PATRICIA experiment are
well represented (Bessiron, private communication).
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Figure 3: Comparison of PATRICIA results with a SIMMER calculation

Although second order solutions of the conservation equations can be adopted,
numerical diffusion may extend over three adjacent fluid cells. The choice of four sub-
channels is based upon the assumption that numerical diffusion and turbulent diffusion are of
the same magnitude.
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Upon destruction of fuel structures, liquid material and solid particles are injected into
the coolant channel. The SIMMER calculations show that they penetrate to the farthest radial
sub-channel. This is equivalent to the radial penetration of debris all over the research reactor
channel. During a core-disruptive accident, fuel will fail first in the core centre, and then
failure will propagate radially and axially to the core periphery. Under these conditions, the
thermal interactions in the channels are first limited by the short penetration length. Water
vapour is rapidly generated and superheated so that quite high pressures build up at the site of
the first failure. Consequently, water is pushed out axially to the top and the bottom of the
core. The kinetics of this movement is superposed to that of the propagation of fuel failure
which advances in the same two directions. SIMMER can answer the question whether the
voiding of the channels is slower or faster than destruction propagation, and whether the hot
debris has a chance to efficiently interact with liquid water and thus increase pressures. The
scenario of fuel coolant interaction has been verified for SIMMER [5].

In the SIMMER calculations, mechanical deformation beyond a representative channel
cannot be taken into account. However, in research reactor, the radial deformation will be
limited any way by the solid block of the casing.

The propagation of the pressure wave out of the narrow channels into the adjacent water
plenum is limited by the sound velocity. Each code cell has a representative pressure. In case
of propagation of the wave to the neighbour through a two-phase mixture, the derivative of
density with the pressure is calculated. The derivatives of the mixture of components which is
proportional to the mixture sound velocity are dependent on the local temperatures. The two-
phase sound velocities are substantially lower than those of the single phase components, thus
slowing down propagation.

At very high released thermal energies, the vapour may exit the core periphery and enter
the water inlet and outlet plenum of the primary water cycle, which are carefully modelled by
the code. Pressure drops are calculated using standard correlation for turbulent steady state
flow. Orifice coefficients can be added to each cell. The perforated cylindrical flow distributor
below the core is described by such coefficients.

While some structures outside the core may be rigid enough to withstand high
pressures, others may fail early. In SIMMER, this is modelled by defining a threshold
pressure at which the wall of the vessel is changed from a solid immobile structure to mobile
particles. Although this may reduce inside-vessel pressures, the early part of the pressure
waves may penetrate unmitigated to the bottom of the vessel.

Finally, the big vapour bubble enters the pool where it meets the bulk of cold water. At
the bubble periphery, entrainment of cold water may take place. SIMMER has been verified
on entrainment rates measured at FZK [6]. SIMMER also possesses the capability to take into
account diffusion-limited condensation on the bubble surface in the case that non-condensable
gases are present. This model has been verified on experiments performed at the Kyushu
University, Japan [7]. Since the whole pool with its open surface to the ambient air is
modelled, pool surface displacements and pressure loads are also results of the SIMMER
calculations. The pool surface is influenced by two phenomena, first if the expanding vapour
bubble is forced by structures to expand predominantly in axial direction an early doming of
the surface becomes visible. Second, during bubble condensation, water of the upper pool
starts to move downwards. This initiates a surface wave that can lead to increased doming if
the wave is reflected at the pool wall and moves backwards to the centre of the pool.
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2 RESULTS OF THE STUDY

Figure 4 outlines the research reactor geometry in SIMMER format, where the numbers
at the side denote the axial and radial cell numbers.
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Figure 4: SIMMER core model

In the left part is shown the cylindrical core model of research reactor with reflector
(grey), in the right the closed cylindrical vessel model of research reactor, dashed lines =
perforated structures with orifice pressure drop, inside the reactor pool with an open water
surface. The measures in the vicinity of the core were read from copies of artist’s views of the
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design. Axial and radial scales were not always consistent. The SIMMER geometry should be

checked in the future. Two calculations are presented:

e a core within an indestructible vessel where the vessel lid has been removed

(open vessel),

e a core within a detailed vessel including in-vessel perforated structures and a
closed lid, where those axial parts than consist only of an aluminium wall of
about 20 mm fail when the adjacent pressure exceeds a threshold value (closed

vessel).

Both cases are calculated assuming a zero water velocity through the core. The initial
pressure inside the closed vessel is about the same as outside. The transient starts before a
steady state hydrostatic head inside and outside the vessel can be established. Therefore,
pressure oscillations are still present when the core starts to be destructed. In a final study, a
SIMMER pre-run with steady state power needs to be made until the hydrostatic equilibrium
has been reached. The final state of this run will be used as the initial condition of the
transient run. The closed vessel case has a threshold pressure of 11 bar. This value is probably
below the failure pressure of the wall but it produces early vessel failure, and thus a reduction
especially of pressure below the core. The following figure 5 shows the integral energetic

results of both cases.
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Figure 5: Comparison of PATRICIA results with a SIMMER calculation
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They show little difference. The power in the case of an open vessel increases a very
little bit later. The lower red curve represents the reactivity inserted (an input for the code). It
is a linear ramp from zero to 2000 pcm at 100 ms. While the reactivity increases linearly until
100 ms, feedback become important afterwards. At 130 ms, the core starts melting, but the
Doppler broadening and the moderation effects have already decreased the reactivity to close
the initial value. Core destruction runs out at 160 ms. First the fuel temperatures rise, but the
Doppler becomes effective only at higher values. Then water is leaving the core region
pushed out by fuel dilatation which is also effective only a substantial temperature increase.
Finally, as a consequence of FCI, the water vapour mass increases at the time the power is
already down to half the peak value. A detailed picture of the core destruction is shown in the
following figure 6.
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Figure 6: Side views of destroyed core

At 180 ms (left figure), the vapour bubble has reached its maximum size and starts to
re-condense. Core destruction has progressed only little coming to an end at this time. At
240 ms (right figure), the vapour bubble has almost completely collapsed, and the core debris
is cooled down effectively by the water.
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Figure 7 shows that just before the fuel failure, which happens at 130 ms, the heat
transfer coefficients of SIMMER-research reactor are significantly higher than those of
standard correlations, which depend on fluid velocities. There is a negligible fraction of water
vapour in the channel until the fuel plates fail and the subsequent FCI rapidly evaporates the
water in the channel. Because the peak pressures are generated by FCI, it is important to study
the condition under which FCI occurs. First, as already mentioned in the description of the
code, the movement of hot debris from the fuel plates into the water channel is limited by the
channel width. Then the generated vapour escapes axially upwards and downwards. In the

Figure 7: Fuel plates heat transfer coefficients (standard and NSSR)
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following figure 8, the kinetics of this process will be demonstrated.

vapor volume fraction next o the fule plate

Figure 8 above here shows the volume fractions of the cells with fuel plates of centre

=

e
o

S
N

b

center cone rng of the closed vessel

.  ee— L I

lower part
second level
third level
upper part

700

8.

L
12

013 0.14

0.15 0.16

1 | L L s
0.17 0.18 0.19 0.2
time (s)

2. WEZ3

0.24

Figure 8: Vapour volume fraction close to the fuel plate

core ring. It takes about 5 ms to void all cells of the core containing fuel plates.
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Whether the voiding of the channels can influence local interaction must be studied by

A3-038.11

looking at two different radial cuts of the centre fuel ring of the core.
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Figure 9: Vapour volume fractions
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The figure 9 shows the volume fractions of the first two cells in the fuel plate and the
volume fraction of water vapour. For the axial core centre, the four water rings adjacent to the
fuel show voiding only 1 ms to 2 ms later than the simultaneous disruption of outer fuel and
clad at 126 ms. This indicates that the debris are injected into a channel filled with water. For
the right figure of the lower end of the core, there is less a time lag between disruption and
voiding. The void profiles for the second and third cell show an earlier voiding than that of
the cell of the fuel surface indicating that the bubble movement is predominantly in the
channel centre.

To conclude, it is probable that the emerging bubble does not affect the efficiency of
FCI in the core centre, but at its axial peripheries, the early presence of the bubble should
decrease FCI.

The description above has enabled understanding the mechanisms that drive the
pressures in the channels and outside of the core. The results show substantial difference
between the open and the closed vessel. We need to keep in mind that the closed vessel is
subjected to an early vessel failure below the core which results in a sort of open vessel.
Simplifying the pressure-relevant conditions, the closed vessel is actually a vessel open below
the core, and the open vessel is a vessel open above the core.

The figure 10 shows a comparison between pressure of the closed and open vessel
cases. It demonstrates the time scales of the oscillations after peak power.
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Figure 10: Open and close vessel pressure oscillations

The figure 10 shows in black the bottom pressures adjacent to the lower vessel wall
which is of specific interest because its failure may lead to leakage. For the open pool at the
maximum pressure, the radial distribution of this pressure is shown in the figure at the right.
The value of the closed vessel is lower because of early vessel failure below the core. It shows
high frequency oscillations. The maximum bottom pressure of the open vessel is 14 bar, that
of the open vessel 57 bar. Oscillations prior to 120 ms are due to a start of the transient from a
non-steady state of hydrodynamics.

To demonstrate the long time behaviour of the open vessel, the following figure 11
shows the vapour bubble (yellow) emerging from the core centre. It moves out of the core in
both the upward and downward direction. Because the lower plenum is closed, the lower
bubble does not penetrate further while he upper rises until almost half of the upper plenum is
voided. Water displacement out of the upper plenum increases the pool surface (yellow).

Figure 11
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3 CONCLUSION

The coupled neutronics-fluid dynamics code SIMMER has been up-graded to treat
Design Basis Accidents in experimental reactors with thermal spectra. The research reactor
has fuel plates and water cooling channels of millimetre-size, so that effects of core
heterogeneity on neutron flux distribution are smaller compared to conventional LWRs. Due
to off-the-shelf SIMMER models, this allows defining fluid dynamics and neutronics
computational meshes convenient to the specific needs. The code was improved including
models which increase its representativeness. However, further validation of neutronics and
fluid dynamics models adopted is still necessary and is underway. The objective of the
improvements is to calculating the different reactivity feedbacks, the deposited thermal
energy, and the sequence of core disruption, transfer of thermal to mechanical energy, and
finally pressures at sensitive locations.

It was found that the geometry of the region surrounding the core has a dominant
influence on the transient. The structure failure model can finally answer questions about
mechanical energy releases, deformation potential, the influence of failure on mechanical
loads elsewhere, and maximum local pressures.
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ABSTRACT

A partial LOCA accident in a pool type research reactor was investigated. A new MTR type
fuel channel model for the DSNP simulation system was developed, permitting the
calculation of detailed axial and radial temperature distributions. New and older heat
transfer correlations were incorporated in the model. Simulations of accidental water levels
of 14 and 35 cm during a partial LOCA in a 62cm narrow fuel channel were performed.
The resulting maximum temperatures remain significantly below the aluminium melting
point, and no damage to the core will take place under these conditions.

1 INTRODUCTION

A partial LOCA (Loss of Coolant Accident) is an extremely rare event in a research
reactor. The purpose of this study was to investigate the consequences to the MTR type
fuelled core having very narrow coolant channels, when the water level in a pool type
research reactor remains at a level of between 20 to 55% above the fuel channel entrance. The
water level is reduced due to a hypothetical guillotine break in either the primary coolant loop
or in an experimental beam tube. A schematic description of the IAEA generic pool type
research™ reactor is shown in Fig. 1, emphasizing the location of possible pipe breaks which
may cause a partial LOCA event. The reactor structure includes an open concrete cavity filled
with demineralised water up to a level of 10m above the pool bottom. The core is placed on a
grid plate located 1m above the pool bottom. Six to eight beam tubes can penetrate the pool
concrete wall reaching the core edge and providing neutron beams for experiments.

Following power shut-down, upon the detection of the water leak through the severed pipe,
the decay heat remaining in the core will heat-up the fuel, and water boiling in the narrow
channels might take place. The boiling process, depending on the residual power level, will
force some of the water out of the channel, and the boiling process may be considered as
boiling under very low Reynolds number or some kind of pool boiling or percolation
condition.

A model for these conditions was developed for the DSNP! (Dynamic Simulator for
Nuclear Power-plants) system using a recently proposed heat transfer correlation by Zhang,
Hibiki and Mishima!® for small diameter channels, and several older correlations given partly

! pap-262b, Topsafe-2008; Dubrovnik Croatia.
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in Ref. [3]. The model was applied to study
the behaviour of the IAEA generic research
reactor™ under partial LOCA conditions.
This reactor is a pool type, light water, 10Mw
reactor, schematically presented in Fig. 1,
using MTR type fuel elements. It is shown in
the present study, that if the water level
remains at or above 20% of the fuel channel
length, that is, a partial rather than a full
LOCA condition, no damage to the core will
occur. This was also shown bg/ the
experiments performed at Livermore™ and
reproduced in this study.

2 THE LOCA ACCIDENT

The accident starts with a reactor operating
at full power. In the case of a major break in
one of the pipes, the water level in the pool
starts decreasing. The reactor safety system
will scram the reactor and further decrease in

A3-050.2

Water level
after M A
\

: Prignary Coolant
fop break location

Fig. 1: Schematic drawing of an open pool type research
reactor

the water level will also stop the pumps. With no forced circulation a shutter valve will be
opened by gravitational force and natural circulation through the core will be established
removing the decay heat. Further decrease in the water level will eventually uncover the core
and natural circulation ceases. The water in the core will start heating up and boiling will
occur. A stable condition is achieved once the water level reaches equilibrium condition with
the surrounding structures at some level along the core height. Most research reactors of this
type are designed for the water level to stabilize at about mid-core or above.

A guillotine break in the primary loop or in a beam tube is modelled by starting an outflow

of water from the pool via the

L)

broken pipe. The flow rate is
determined by solving the
momentum balance equations
using the appropriate DSNPM
models. The pumps are stopped
after a short time, and the reactor
is shut down. The power

o
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decreases rapidly until it reaches
the decay heat level as shown in
Fig. 2. The decay heat is
calculated from the ANS standard
curves for 2°U. Calculations have
shown, that it will take about 21
min for the water flow to reach
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seen in Fig. 3, and the out-flow is
reduced to zero. When the water
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Figure 2: Hot channel power reduction during a partial

mid core (according to the exact reactor and its surrounding geometric design features), this

part of the simulation is terminated.
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As can be seen from the above figures, the power at time of reaching equilibrium
conditions in the hot channel is 600W and the water out-flow ceases at this time. The
simulation of the core condition is stopped at this point and the prevailing conditions serve as
input to the next step of simulating the hot channel under partial LOCA conditions with the
water level at mid core.
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Figure 3: Water flow rate from the reactor pool following a break in the main coolant loop.

3 RESULTS OF THE SIMULATIONS

The results are presented here for a partial LOCA in which the equilibrium water level
reached the mid-core level. Actually a level of 35cm from the coolant channel entrance was
chosen (mid-core + 4cm), which is the equilibrium level following the LOCA event in the
main coolant loop, for the geometry selected as shown in Fig. 1. In addition the low 20% core
water level condition is also simulated in order to compare the results with the Livermore
experiments®™. All the results presented in this chapter are based on the simulations performed
with the DSNP models presented in the next chapter of this paper. In Fig. 4 the power
distribution in the hot channel and the actual power transmitted to the coolant are presented at
the time when the equilibrium water level in the reactor pool is reached. The difference in the
two distributions results partly from the changing heat transfer correlations due to the changes
in the flow regime, and partly due to axial conduction of the heat along the fuel and the side
plate. As can be observed part of the heat from the hot upper part of the fuel is conducted to
the lower colder part of the fuel and the side plate. This can be concluded from the
observation, that in the fuel plate lower part, more heat is transmitted to the coolant than the
heat produced in this region.

Figure 5 shows the axial temperature distribution in the core hot channel in the fuel, the
side plate, and the coolant channel. As can be seen the coolant enters the channel at 30°C, and
starts boiling at about 18cm. The water coolant mixture flows up the channel cooling it as it
flows with the steam fraction increasing continuously but remaining at saturation temperature
until exiting the channel. The flow characteristic changes along the channel, however the
most appropriate description will be a dispersed film boiling or slug flow. The maximum
metal temperature is 135°C, which is significantly below the softening temperature of Al -
about 400°C. Fig. 6 shows the steam and water enthalpies along the channel. The steam and
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water flow rates are shown in Fig 7. At this stage both the water and steam are still at
saturation conditions. The water enters the channel at 30°C, and starts boiling at 18cm. It
continues to boil along the channel and exits with a quality of 57%. Under more realistic
conditions slugs of water will be moved up the channel, some of the water is expelled from
the channel while part might flow back into the channel.
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Figure 4: Power distribution along the hot channel (ZWIJ) and the power transmitted to the coolant
(QHFC) at time of equilibrium water level conditions.
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Figure 5: Fuel (zTFP), side plate (zTsP) and water-steam (ZTST) temperatures during a partial LOCA in
the IAEA generic research reactor, equilibrium water level is at 35cm above the channel entrance.

Fig. 8, shows the axial temperature distributions for the case in which only 14cm of the
core remains under water. This level was artificially chosen in order to compare the results
with an experiment presented in Ref. [5] for the Livermore MTR fuel experiment. The
distribution is presented using two different heat transfer correlationst®!. As can be seen the
fuel temperatures are much higher than in the previous case reaching 270°C and 310°C, and
the steam gets superheated in this channel.
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Figure 6: Water (zHCP) and steam (zHST) enthalpies along the coolant channel following a partial LOCA
condition.

Some experiments with mock-up fuel channels performed at the Paul Scherer Institute®®],
indicate that higher temperatures might result with the pool water level at 25cm. These results
were not reproduced in the present study, and further theoretical and experimental
investigations are underway for different pool water elevation, and different power ratings.
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Figure 7: Water (wWli) and steam (wsi) flow rates along the hot fuel channel, following a partial
LOCA with equilibrium water level at mid-core.
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Fig 8: Fuel temperatures distributions with two different heat transfer correlations during a partial
LOCA in the IAEA generic research reactor. ZTFP-14-2 htc from ref-3 and ZTFP-14-5 htc from ref-2.

Equilibrium water level is 14cm above the channel entrance.

4 THE FUEL CHANNEL MODEL

In the literature there is very little information on boiling and dry-out in parallel channels
of the MTR type fuel elements, as boiling in this type of research reactor is not expected. The

closest model representing these
conditions was  developed by
Hochreiter’®, and is presented below in
Fig. 9. This model shows the fuel
channel rewetting after dry-out with a
very low flow rate entering the channel.
The model was actually developed for
high pressure conditions, while in the
present case atmospheric pressure
prevails.

The transition between the single
phase liquid and the DFFB — Dispersed
Flow Film Boiling condition is very
rapid as even a small amount of steam
requires a volume 1600 times larger
than the liquid. At high pressure, for
example 40 bar, this ratio is only about
40. Consequently one expects rapid
creation of large bubbles pushing
droplets or slugs of water in the upward
direction, may be even out of the
channel. This phenomenon was
designated as “Percolation” in the
Livermore  SAR  from  1974F!
However, this phenomenon was not
indicated or modelled in any
subsequent publications.

Single Phase
Vapor Flow

Dispersed Flow

a>0.8 Dispersed Flow
Film Boiling
(DFFB)

Flow rearrangement
zone

Quench front

Sputtering zone Transition boiling

Annular flow

Nucleate Boiling
Slug flow
Bubbly flow
Single-phase Convective Heat
liquid Transfer

Figure 9: Flow regime description in a coolant channel
after dry-out assuming very low re-wetting flow rate'®.
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The physical principle which was used in the development of the present model to
calculate the flow through the channel assumes that the hydrostatic pressure at the channel
entrance must be equal to the static and the dynamic pressure drop created by the flow
through the channel. This principle can be expressed by

pL,g =AP; + AP, + AP, + AP,

Where:
p — coolant density
L, — pool water level
g — gravitational constant
AP — the hydrostatic pressure drop in the channel obtained by integrating the coolant density along

the channel g J' p(y)dy

AP; — frictional pressure drop in the channel
AP,. — Pressure drop due to accelerating the fluid along the channel
A P, — entrance and exit pressure drops

The above equation serves as the basis for the momentum equation. In addition, the mass
and energy balance equations were solved for the fuel channel to calculate all the system
relevant state variables.

The computational fuel channel model developed for this study is presented schematically
in Fig. 10. It is a two-dimensional model having an arbitrary number of nodes in the axial
direction and three nodes in the radial direction, namely the fuel, the side plate and the water
in the coolant channel. The model describes in detail the axial and radial heat conduction in
the fuel, and from the fuel to the side plate and to the bottom grid plate and pool water, and
convective heat transfer to the coolant flowing in the fuel channel. This model was included
in the DSNP! (Dynamic Simulator for Nuclear Power-plants) library, which also includes
many power plant components, material properties, heat-transfer and flow correlations’®” to
be used with the simulation model. Full details of the mathematical model are subject to a
detailed report™. Here only the principles are presented.

~ Coolant

% ) Side plate

1#4
s

" q

Figure 10: Schematic description of a MTR type fuel channel model.
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Where:

T — Temperature

H - Enthalpy

w — Flow rate (Erroneously w is shown in the figure as w)

w;— Water flow rate

wq — Flow entering the channel to maintain an equilibrium pressure drop (wq in the figure)
We, — Evaporation rate from water slugs or drops

W — Decay heat power generated in the fuel

QW’_+1 — Heat transfer between the j-th and the j+1-th axial region
Q. — Heat transfer between the j-th and the j-1-th axial region
Qus — Heat convection between the fuel plate and the steam

Quq — Heat convection between the fuel plate and the water slugs/drops
Qsq — Heat convection between water slugs/drops and the steam
Qpq — Heat convection between side plate and water slugs/drops
Qs — Heat convection between side plate and the steam

v4 —Part of the decay heat released in water - vy radiation

v2 —Part of the decay heat released in the side plates

v =1-v4-v2— Part of the decay heat released in the fuel
Indices

f — fuel

s — steam

sw — saturated water

{ - water

w — wall

sp — side plate

j-1,], j+1, node indexing

The basic heat balance is presented by the two equations below (with the symbols given in
Fig. 10)

" Ly )

7\Nf _Qv{/Jr _Qv{/ - st = de +Qws
- - )

7/2Wf _QsJ+ _QsJ + st = de +st

In the present model all radiative heat transfer between the wall and steam/droplets and
between adjacent fuel plates is neglected. The water slugs and droplets drifting along the
channel are assumed to be at saturation temperature, while the steam is being super-heated.
The transfer between the steam and droplets results in additional evaporation along the
channel.

Part of the heat generated in the fuel does not reach the coolant in the channels, rather it is
conducted to the bottom and top end of the fuel rods. At the bottom it is conducted to the
massive aluminium grid plate, and from there to the pool of water. At the top of the channel
the heat is conducted to the aluminium part of the fuel rod entrance and then transmitted to
the st([e%gn escaping from the channel. All these phenomena are included in the present
model*™.

5 CONCLUSIONS

A two-dimensional model for a MTR type fuel rod was successfully developed and
incorporated into the DSNP simulation package. From the simulation of the partial LOCA
event in the MTR fuelled IAEA generic 10MW reactor, it can be concluded that the
temperatures during the accident remains significantly below the Al softening temperature
and no damage to the core is expected. These results are supported by the experiment
performed in Livermore ©.
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