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environment at 1750°C for 30 s.” Therefore, technical judgement has been used to estimate the release fraction from
available information on U-Zr alloy fuel, as well as for other fuels including U-Al alloy,™'® uranium metal'! and
uranium dioxide (UO,) (see Table 4).'**!

Figure 2 shows that the heat-up of the fuel is quite rapid. Since insufficient data are available to calculate
the transient release behaviour, it is therefore conservatively assumed in the present analysis that the FPs are
instantaneously released when the fuel melting temperature of ~1650°C is reached. For this analysis, elements with
similar chemical properties were also classified into twelve groupings, as proposed for the MELCOR code package,
in which the same fractional release value has been applied to the various elements in a given group.'?> For
conservatism, the release fractions assumed in this study correspond to the maximum values observed in the U-Zr
alloy tests. For missing FP groupings, data on the other fuel types have been considered (see Table 4), although
considerable uncertainty can arise due to the different melting points of the fuel (e.g., 2840°C for UO, fuel versus
1650°C for the U-Zr alloy). The effect of fission-product trapping (e.g., for Te and Sb) in the unoxidized Zircaloy
cladding is conservatively neglected in this analysis.'

Using the radioisotope inventories in Table 3, with the release fractions in Table 4 and the fuel temperature
curves in Fig. 2, the FP release is evaluated as a function of time as a given fuel node melts.

2.3.3 Retention Within the PHTS

Before failure of the reactor vessel, FPs released from the fuel will travel inside the reactor coolant system
(RCS) before reaching the containment atmosphere through the break in the PHTS. Some FPs will be retained in
the RCS due to deposition or condensation onto relatively colder internal surfaces. In addition, the FPs may
condense onto aerosols that would also settle and deposit within the RCS. Such retention in the RCS was
investigated using the VICTORIA computer code, which determines the physical (1 ¢.. vapour or aerosol) and
chemical form of the FPs. # As detailed in Ref. 8, the thermohydraulic analysts from the BEREX TSA,>® and the
FP release rates from Section 2.3.2, were used as input into the VICTORIA code

This calculation suggests that at the time of vessel failure, ~10% of the FPs will deposit on structural
materials within the RCS, while another 10% are still in the reactor vessel in the form of either a vapour or aerosol.
However, for conservatism in this work, no credit is taken for deposition in the RCS in light of the uncertainty in the
various input parameters. The FPs are therefore assumed to be transported directly to the containment atmosphere.
This analysis also shows that, except for the noble gases, all FP elements enter the containment vessel almost
exclusively in the form of an aerosol, e.g., more than 99% of iodine is in form of a cesium-iodide particulate.

2.3.4  FP Behaviour in the Primary Containment Atmosphere

Initially, the reactor compartment is assumed to be at a temperature of 50°C and pressure of 101.3 kPa,
with a relative humidity of 50%.” Shortly after the rupture, the containment atmosphere would consist of a mixture
of air and saturated steam. Heat would be transferred rapidly by mass transfer of water vapour to the cooler wall
surfaces. The steam condensate would drain to the bottom of the vessel and accumulate in a water pool, and the film
would be constantly replenished until the temperature of the wall reaches equilibrium with the atmosphere.

Approximately five minutes after the break, the FPs would start to be released from the PHTS and enter
into the primary containment. Only the inert noble gases will exist in a vapour form in the primary containment,
where losses will occur through radioactive decay and leakage. Since aerosol particles are expected to settle
quickly, it is therefore more conservative to assume that iodine exists as a vapour. Section 2.3.4.1 treats the removal
of iodine vapour from the containment atmosphere and Section 2.3.4.2 considers the removal of aerosol particles.

2.3.4.1 lodine Vapour Removal

The removal of molecular iodine vapour from the primary containment atmosphere by plate-out due to a
condensing steam atmosphere has been evaluated with the Containment System Experiment (CSE) scale model.*
Conservatively, chemical reactions have been neglected and only natural removal processes are considered in this
analysis where no credit is taken for engineered removal systems.
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To estimate heat losses from the primary containment to the surroundings, a simple model of heat transfer
to a vertical wall composed of paint and steel is considered. The effective heat transfer coefficient, %,, to the wall is

given by:
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where the paint has a thickness #, = 0.0635 cm and a thermal conductivity k, = 0.173 W m™ °C™". The submarine
hull is made of a high-strength low-alloy steel, and the corresponding parameters for this steel layer are #, =5 cm’
and k;, = 34 W m™ °C". Equation (1) therefore yields 4, = 200 W m2°C"". Using this value, along with a bulk
vapour temperature of 7, = 120°C, surrounding air temperature of 7, = 27°C and containment pressure of P = 335
kPa, a temperature difference 7, - T,; = 5°C is evaluated, where T; is the inside surface temperature.25

The removal rate of iodine occurs from the sweep effect of condensing steam, and the diffusion of
molecular iodine across the gas-film boundary. Initially, the iodine plate-out rate, Dy, (s™), can be expressed by:**
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where £,,, is a mass transfer coefficient due to the sweep effect of steam condensation, £, is a mass transfer
coefficient due to diffusion at the wall, A7 is the total surface area on which material is deposited by diffusion, 4y is
the area on which steam is condensing (= 470 m?), and ¥ is the containment volume (= 393 m°). Since the internal
surface area is not well known, it can be assumed that Ar = 4w, which conservatively leads to less plate-out. As
shown in Ref. 8, for the given bulk temperature and using the analysis in Ref. 24, k;~ 4.0 m h™" (for turbulent gas-
film boundary conditions in a closed vessel). Also, for a 5°C temperature difference, the analysis in Ref. 25 gives
k.,=0.82mh". Hence, using Eq. (2), the plate-out rate for iodine is evaluated as 0.0016 s, which corresponds to a
removal half-life for plate-out of 430 s.
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A rapid removal ocurs until the concentration decreases to about 0.5% of the initial value, when an
equilibrium between the gas phase and the liquid phase is attained.** Thus, it is conservatively assumed in this study
that the removal of iodine by plate-out stops when the concentration in the gas phase decreases to 1% of the initial
value. In addition, it is assumed that 2% of the released iodine is in an organic form (methyl iodide) where plate-out
does not occur. This latter quantity will be similarly removed (as for a noble gas) by radioactive decay and leakage
to the hull.

2.3.42 Aerosol Removal

Aerosol particles grow rapidly in size by agglomeration. Although several mechanisms occur which
remove aerosols from the atmosphere (i.e., gravitational settling, diffusiophoresis, thermophoresis and electrical
attraction to surfaces), gravitational settling is normally the predominant mechanism and is only considered in this
calculation. It is further assumed that the aerosol particles remain at the size that they were formed in the PHTS,
i.e., this assumption is conservative since agglomeration will lead to larger particles that deposit more quickly.

From the VICTORIA analysis in Section 2.3.3, the particles have a weighted average radius of 2.9 um
and a weighted average deposition velocity of v, = 2.7 mm s™'. Using this deposition velocity, the removal rate
constant for aerosols due to gravitational settling is calculated from: %
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Given that the surface area of the floor in the reactor compartment is 4= 100 m” and ¥ =393 m*,”® Eq. (3) yields a
removal rate constant for aerosol deposition of 0.00070 s™', or equivalently a removal half-life of 990 s. This half-
life is adopted for all other FP species (except for iodine as discussed in Section 2.3.4.1 and the chemically-inert
noble gas species). Consequently, only 8% of the aerosols remain in the containment atmosphere one hour after
release from the PHTS.

Since larger particles deposit faster than smaller ones, the average size of the remaining particles in the
primary containment atmosphere will become smaller. Thus, the average terminal velocity will decrease, which will









































