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ABSTRACT

An analysis had been performed within an earlier PHARE project in Bulgaria that has discovered a
vulnerability of VVER-1000, V-320 design consisting in early (up to one hour) containment melt-through via
ionization chambers channels situated around the reactor pit. Based on this analysis, an original technical
solution containing know-how has been developed by the authors for prevention of early melt penetration
outside the containment potentially leading to massive radioactive releases. Additional thermo-mechanical
analyses have been performed proving the high temperature resistance and tightness of the ceramic plugs
designed to be used for plugging the bottom of ionization chambers. Two types of experiments have been done
to validate the analyses — a cold one and a hot one. The cold experiment aimed to prove the operability in normal
conditions of the system for lifting the ionization chambers together with the new plugs that will be installed.
The hot experiment consisted in preparation of suitable melt stimulant and pouring it in a tube with plug at
M=1:1 to prove the reliability of the plug. This way the Design of VVER-1000 can be enhanced against early
containment failure during severe accident and decrease the value of Large Early Release Frequency (LERF)
calculated in PSA Level 2.

Nomenclature

Cp Heat capacity coefficient

T Liquidus temperature

T Solidus temperature

Ty Initial temperature (of the melt)

V Volumetric generated power
W eoner Weight percentage of the concrete

Z Enthalpy

£ Emissivity

A Heat transfer coefficient

p Density

o Constant of Stefan—Boltzmann
n Viscosity

1. INTRODUCTION

After the Reactor Pressure Vessel (RPV) break as an end of in-vessel phase of severe accident, the ex-vessel
phase starts. The melt falling down into the reactor pit begins to ablate the concrete in both axial and radial
directions.

The axial melt-through towards of the internal ring of Ionization chamber’s (IC) (Fig.1), which are situated
at 145mm (the first internal ring) from the wall of reactor pit, will bring the melt (mixed with ablated concrete)
to the IC and fall down on the bottom of the channels, that are plugged in the design of VVER-1000, V-320 by
protective layer consisting in biological shield of cloth laminate, concrete and steel slabs below. There are also
small holes through these layers and slabs for the cables of IC. The further ablation of the concrete and slabs
would lead to melt-concrete penetration into the premise of IC below and outside the Containment (Fig.2).



For VVER-1000, V-320 it was found ([1]) that the melt would ablate the side concrete wall of 145 mm
thickness at about 45 min. after the melt release from RPV and would penetrate into IC channels.
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Fig.1. Layout of Ionization chamber (IC) channels in the concrete around the reactor pit

The above time has been calculated in [1] and called “early containment bypass of VVER-10007. In fact this
is early containment melt-through or failure, as the term “containment bypass” is usually used in PSA Level 2
when exhausting steam-radioactive gas mixture from Primary circuit directly to the environment, e.g. in the case
via broken tube of steam generator and stacked open steam-dump to atmosphere valve.

(1)

“)

(1) lonization chamber (IC) channel
(2) Containment wall
(3) Reactor pit
(4) Premise of the mechanisms for lifting IC
Fig.2 Layout of premises inside and outside the containment of VVER-1000 Design

To prevent the further penetration of the melt in the premise (4), the authors proposed a solution to plug the
bottom of IC channels by high-temperature-resistant materials.

2. ENGINEERING SOLUTION FOR PLUGGING IC CHANNELS

The engineering solution for plugging the IC channels is illustrated on Fig.3.

The plug (4) is designed to be made of Titanium Carbide, TiC, with melting point Ty 1,c = 3170°C and
density p=4930 kg/m’. The ball (5) is designed to be made of Tungsten Carbide, WC, with melting point Ty
we =2870°C and density p=15800 xg/m’ ([2]). The melting points of the above materials are chosen
conservatively to be higher than the melting point of UO,.

The principle of operation of the plugging device consists in the following. During severe accident with
discharging of molten corium in the reactor pit, the melt ablates the side concrete wall and mixed with concrete
falls down into the IC channels. The temperature of the melt is high enough to burn up the cable (3) and
discharges the ball (5) (in normal conditions the cable holds the ball). The ball, being almost twice heavier than
the melt (pyp,=8740+£200 Kg/m3 ([3]), but mixed with ZrO,, other light metals and concrete the average density
of the mixture decreases), falls over the central orifice (designed for the powering cable of IC) and plugs it
without risk to emerge.



(1) Lifting cable for the lonization chamber
(2) Ionization chamber

(3) Powering cable for IC

(4) Plug (TiC)

(5) Plugging ball (WC)

(6) Outside steel tube

Fig.3 Plugging device of IC channel

3. ANALYSES

The thermo-mechanical analyses were done by simulation of the real process of penetrating of melt in IC
channels. Finite-element models (FEM) were built, which include the proposed plugging devices and the
adjacent parts that would be influenced as well — the steel tube, the outside steel tube, concrete of the
containment wall, concrete to be filled in the clearance between the two tubes, the biological shield below the
plugs (made from Teflon) and the penetrating melt itself.

The CAD-CAM package of NISA II — DISPLAY III code was used to perform the FEM calculations by
applying the updated HEAT-IIT module for phase transition and radiation heat transfer.

Taking into account the rotationally symmetric about an axis of IC channel’ pipe' geometry of the
construction and adjacent parts and the same symmetry of the material properties and applied loads, the FEM
were developed by using 2D axisymmetric (pseudo 3D) elements, which are quadrilateral type with mid-side
nod.

The thermo-mechanical analyses included consecutive solving of two connected tasks. First, a heat transfer
task was solved to find out the temperature distribution, i.e. the temperatures for each point of the modeled
object for characteristic moments of time. The second task was to find out the stress distribution for the chosen
characteristic moments, taking for thermal loads the temperature distributions solved in the first task. Besides,
additional mechanical loads as the weight of the melt and pressure were considered for the calculations of the
static strength of the system.

The general model scheme used for the thermo-mechanical analyses with description of the included
modeled parts are shown on Fig.4.

! The plugging ball is over the central orifice (see Fig.3)
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Fig.4 General FEM of Plugging device of IC channel
The 2D axisymmetric solid FEM mesh used for the thermal resistance (thermal stability) analysis is shown
on Fig.5.

Fig.5 FEM mesh used in thermal-mechanical analyses of Plugging device of IC channel

Initial and Boundary Conditions

An equal to maximum allowed design temperature of 150°C for the containment was postulated for all parts
(nods) of the system as initial condition for the heat transfer task. The initial temperature of the melt was
conservatively postulated as 2850°C, the specific volumetric power generated by the melt was chosen according
[1] as V=1.3 MW/m’. The other parameters are taken from [5] and [6] and shown in Table 1.

Table 1. Parameters of the melt in IC channels

T 1(0) Wcancr, T S, T L, ZJ
°C % °C °C kl/kg
2 850 6.7-15.8 1250 2 650 259.3
|4 P Cp, 2
MW/m® kg/m’ Jkg K W/m.K
1.3 8 400 274-796 6.4-2.0-3.0




For the clearance between the plug and the tube a process of radiation heat transfer was modeled using the Stef-
an—-Boltzmann law E(T)=c.£.T*. For the purposes of FEM calculations, the accepted value of the emissivity on
the external cylindrical surface of TiC plug is erjc=0.75. Several sensitivity calculations were made for Teflon at
conservative values €=0.3 and £=0.5, but also £€=0.99 (black Teflon) and based on the obtained results, &teq,,=0.5
was chosen. It was also accepted conservatively the lack of any convective cool down of the plugging ball, the
plug and the biological shield (insert).

Results

Fourteen characteristic nods in the FEM mesh were chosen to represent the heat-transfer process (Fig.6).
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Fig.6 FEM mesh with location of 14 characteristic nods

The temperature history of the representative 14 nods for the first 600 seconds is given on Fig. 7a, while on
Fig.7b it is shown for the first 24 hours.
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Fig.7a Temperature development for period 0+600 s of 14 characteristic nods
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Fig.7b Temperature development for period 0+-86400 s of 14 characteristic nods
On Fig.8a and Fig.8b the temperature distribution on FEM are shown for two characteristic moments.
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Fig.8a Temperature distribution at 36 s

The analysis of the results has shown that the thermal stability of all parts of the proposed device and

adjacent components is guaranteed.
The biological shield (insert) made in the original design from Teflon has a minimal margin to initial

melting (Tg=327 °C).
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Fig.8b Temperature distribution at 1923 s
That is why it was proposed to replace the Teflon by light concrete.

4. EXPERIMENTAL WORK
Two experiments were performed to prove the operability of the proposed devices for plugging the IC
channels under normal operation and severe accident conditions.

4.1. Cold experiment

The device (see Fig.3) was modelled in scale M=1:1, the plug and plugging ball made by steel, embedded in
a steel tube P108x5mm (as the largest type channel) and with a real IC powering cable.

The first aim of the cold experiment (at room temperature) was to prove that the plugging ball and the
device as whole will not disturb the normal movement of the IC powering cable during normal operation. The
second aim of the cold experiment was to prove the plugging performance of the ball.

Accordingly, the experiment consisted in two phases. First, shifting up and down the cable and measuring
the effort from the ball on the cable by digital dynamometer. The success criterion consisted in not to exceed the
theoretically calculated effort (13,9 kg) more than 10%. On Fig.9 the dynamo-graphs are presented. The greatest
peaks are related to the initial pull-up/pull-down of the cable.
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Fig.9 Dynamo-graphs of the cold experiment (phase 1)

In the second phase, the cable was left to fall down under its own weight through the central orifice of the
plug to see whether it would squeeze through at its overall length, thus imitating the melting cut of the cable. The
success criterion was that the cable must not hinder the ball to plug fully the orifice.

The two phases of the cold experiment were successful.

4.2. Hot experiment

The purpose of the hot experiment was to use a melt simulant with similar thermodynamic properties as the
real melt, to pour down it in a steel tube J108x5Smm with a plug (scale M=1:1) and to prove that the melt will
freeze in the clearance of 2 mm between the plug and the steel tube (see Fig.3) without penetrating below the
plug.

So, the success criterion of the hot experiment was the melt, after pouring in the tube with the plug, to freeze
in the clearance within the height of the plug (i.e. within less than 200mm).

For this purpose a melt simulant has been used consisting in mixture of Al and TiC in proportion 65:35 w%.
The simulant was melted in an induction furnace at T~ 700 °C. The estimated viscosity of the mixture, using
[7], at this temperature is in the range of 1=0.01-0.1 Pa.s, which is consistent with the results published in [4]
and [1]. The calculated hidden phase transition heat of AI-TiC mixture is AH&235.2 KJ/kg, while for a mixture
of 88%UO,+12%concrete (this proportion was calculated in [1]) is AH¢ yo2+12%Concrete= 228+13 KI/kg.

A flux K-Al-F (9.6 w%) was added to the simulant for better absorption (wetability) of TiC in the Aluminum,
based on the information in [8],[9] and Error! Reference source not found.. A preliminary experiment with
smaller quantities at the same proportions was performed to prove the good mixing of TiC and Al by adding
K-AI-F flux through electron microscopy observation and metallographic analysis (Fig.10).

The melt was poured into the tube of the model heated preliminary in a resistance furnace. It was found, after
cooling down of the model and cutting of the tube and the plug, that the melt was frozen (Fig.11) in the 2 mm
clearance at 20 mm below in the 2 mm clearance at 20 mm below of the upper surface of the plug, what is 10%
of the height of the plug.
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Fig.10. Metallographic picture of the melt simulant (zoom x400). The black spots are TiC, the white spots
are Al, the grey spots are K-Al-F flux.



Fig.11 Picture of the frozen melt in the clearance — view from the bottom

Thus, the success criterion of the hot experiment was accomplished.

5. CONCLUSION

The authors consider that the implementation of the proposed engineering solution will be effective for
prevention of early containment failure due to melt-through in case of severe accident and will considerably
enhance the value of the Large Early Release Frequency (LERF) calculated within PSA Level 2 for VVER-1000.
This implementation is scheduled for 2012-2013 at NPP Kozloduy.

This solution can be also of interest for other designs of existing reactors that can have ionization chamber
channels close to the wall of their rector pit.
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