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Prevention of Early Containment Melt-Through during Severe Accident on WWER-1000,
B-320 Light Water Reactor

D. Popov!, V. Yurukov?

! Free Nuclear Safety Lancer, Bulgaria-Germany
2 AtomToploProekt Ltd, Sofia, Bulgaria

Abstract. An analysis was performed within PHARE Project BG 01.10.01 in 2003-2004 that has discovered a vulnerability
of LWR WWER-1000, V-320 design consisting in early (up to one hour) containment melt-through via ionization chambers
channels during severe accident. Based on this analysis, a separate project was started to find out the possibilities to retain
the melt in the ionization chamber’s channels and for prevention of early melt penetration and radioactive releases outside of
the containment. An original engineering solution was developed, proposing ceramic plugs with a special design to be used
for plugging the bottom of ionization chamber’s channels in the reactor pit of WWER-1000, B-320. This technical solution
was substantiated trough analytical and experimental means. The analytical part consisted in using the NISA II FEM -
DISPLAY III thermo-mechanical code for investigation of temperature and stress fields distributions within the plugs, when
the corium falls over them.

Two experiments (hot and cold ones) were performed to prove the adequacy of the analyses for the proposed engineering
solution, as well as the high temperature resistance and tightness of the ceramic plugs. This way the Design of WWER-1000,
B-320 was enhanced against early containment failure during severe accident.

Finally, the solution was implemented on Units 5&6 of KNPP. All above works lasted as overall as of 4 years. The construction

was patented.
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Nomenclature

Cp Heat capacity coefficient

Tr Liquidus temperature

Ts Solidus temperature

Ty (0) Initial temperature (of the melt)
14 Volumetric generated power
Weoner Weight percentage of the concrete
Z Enthalpy

€ Emissivity

A Thermal conductivity coefficient
p Density

o Constant of Stefan-Boltzmann

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.
Such phenomena, called MCCI, is the most dangerous of
the operating plants in the world from Generation II and
111, as the accident in Fukushima has shown and promoted
multiple investigations in this area, for example the SAR-
NET Project in which Bulgaria has an input [1,2].

The axial melt-through towards of the internal ring ICs
(Figure 1), which are situated at 145 mm (the first inter-
nal ring) from the wall of reactor pit, will bring the melt
(mixed with ablated concrete) to the IC and fall down on
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Abbreviations

LWR Light Water Reactor

RPV Reactor Pressure Vessel

PSA Probability Safety Analysis

KNPP Kozloduy Nuclear Power Plant
WWER Water-Water cooled Energy Reactor
IC Ionization Chamber

LERF Large Early Release Frequency
FEM Finite Elements Method

the bottom of the channels, that are plugged in the design
of WWER-1000, V-320 by protective layer consisting in bi-
ological 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 con-
crete and slabs would lead to melt-concrete penetration
into the premise of IC below and outside the containment
(Figure 2).

For WWER-1000, V-320 it was found, through PHARE BG
01.10.01 project, which analyses were made by using the
CORCONE code [3], and have shown that the melt would
ablate the side concrete wall of 145 mm thickness in about
45 min. after the melt release from RPV and would pene-
trate into IC channels. After that the melt very fast goes
out of the containment through the concrete bottom of
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Figure 1. Layout of Ionization chamber (IC) channels in the con-
crete around the reactor pit.

IC channels. This phenomenon was called “early con-
tainment bypass of WWER-1000 during severe accident”.
We prefer to call it “early containment melt-through”, be-
cause “containment bypass” has another meaning in terms
of PSA - when exhausting radioactive steam-gas mixture
from Primary circuit enters directly to the environment,
e.g. in the case of steam generator tube rupture and
stacked open steam-dump to atmosphere valve.
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Figure 3. Plugging device of IC channel: (1) lifting cable for the
ionization chamber; (2) ionization chamber; (3) powering cable
for IC; (4) plug (TiC); (5) plugging ball (WC); (6) outside steel
tube.
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Figure 2. Layout of premises inside and outside the containment
of WWER-1000 design: (1) ionization chamber (IC) channel; (2)
containment wall; (3) reactor pit; (4) premise of the mechanisms
for lifting IC.

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 plugs made from high-
temperature-resistant materials (see below).

2 Engineering Solution for Plugging IC Channels

The engineering solution for plugging the IC channels is
illustrated in Figure 3.

The plug (4) is designed to be made of Titanium Carbide,
TiC, with melting point T 1ic = 3170°C and density p =
4930 kg/m>. The ball (5) is designed to be made of Tung-
sten Carbide, WC, with melting point Th; wc¢ = 2870°C
and density p = 15800 kg/m? [4]. The melting points
of the above materials were 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 discharg-
ing 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 (pyo, =
8740 =+ 200 kg/m? ([5]), 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.

3 Analytical Work - Thermo-Mechanical
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 internal steel tube of the
channel, the outside steel tube, concrete of the contain-
ment wall, concrete to be filled in the clearance between
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the two tubes, the biological shield below the plugs (made
from Teflon by original Design) 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 up-
dated HEAT-IIT module for phase transition and radiation
heat transfer.

Taking into account the rotationally symmetry about the
axis of IC channel‘ pipe (the plugging ball is over the cen-
tral orifice (see Figure 3), the geometry of the construction
and the adjacent parts and the same symmetry of the ma-
terial properties and applied loads, 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, the heat transfer
task was solved to find out the temperature distribution,
i.e. the temperatures for each point of the modelled object
for characteristic moments of time. The second task was to
find out the stress distribution for the chosen character-
istic moments, taking for thermal loads the temperature
distributions solved in the first task. Besides, additional
mechanical loads as the weight of the melt-concrete mix-
ture in the channel and pressure was 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
modelled parts are shown in Figures 4 and 5 (for an IC
internal pipe with @ 108 x 6).

The 2D axisymmetric solid FEM mesh used for the thermal
resistance (thermal stability) analysis is shown in Figure 5
(for an IC internal pipe with @ 108 x 6).

Concrete filling-up
Pipe @108)(::\\ __Pipe (1165x6

Melt

Plugging ball (WC)

Plug (TiC) Concrete

Insert
(Concrete/Teflon)

Figure 4. General FEM of Plugging device of IC channel.
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Figure 5. FEM mesh used in thermal-mechanical analyses of
Plugging device of IC channel.

3.1 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 trans-
fer task. The initial temperature of the melt was con-
servatively postulated as 2850°C, the specific volumetric
power generated by the melt was chosen according to [1]
as V = 1.3 MW/m3. The other parameters are taken from
[5] and [6] and shown in Table 1.

Table 1. Parameters of the melt in IC channels

Parameter Value Parameter Value
Ty(0), °C 2850 V, MW/m® 8400
Weoner, % 6.7-15.8 p, kg/m® 1.3

Ts, °C 1250 Cyp, J/kgK 274-796
T, °C 2650 A, W/m.K 6.4-2.0-3.0
Z, Kl/kg 259.3

For the clearance between the plug and the tube a process
of radiation heat transfer was modelled using the Stefan—
Boltzmann law E(T) = oeT*. For the purposes of FEM
calculations, the accepted value of the emissivity on the
external cylindrical surface of TiC plugis e1ic = 0.75. Sev-
eral sensitivity calculations were made for Teflon at con-
servative values ¢ = 0.3 and ¢ = 0.5, but also ¢ = 0.99
(black Teflon) and based on the obtained results, etefion =
0.5 was chosen. It was also accepted conservatively the
lack of any convective cooldown of the plugging ball, the
plug and the biological shield (insert).

3.2 Results

Fourteen characteristic nods in the FEM mesh were chosen
to represent the heat-transfer process (Figure 6).

The temperature history of the representative 14 nods for
the first 600 seconds is given in Figure 7a, while in Fig-
ure 7b it is shown for the first 24 hours.
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Figure 6. FEM mesh with location of 14 characteristic nods.

In Figure 8a and Figure 8b the temperature distribution on
FEM are shown for two characteristic moments.

DISPLAY IID - GEOWMETRY MODELIMG SYSTEM ( 11.0.0 )

The analysis of the results has shown that the thermal sta-
bility of all parts of the proposed device and adjacent com-
ponents is assured.

The biological shield (insert) made in the original Design
from Teflon has a margin of 30-35°C, what is very close
to the error interval (10%) of the used module for thermal
calculations — NISA HEAT III.

That is why the Teflon during the implementation process
was replaced by a light concrete.

4 Experimental Works

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 Figure 3) was modelled in scale M=1:1, the
plug and plugging ball made by steel, embedded in a steel
tube @ 108 x 6 mm (as the largest type channel) and with
areal 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
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Figure 7a. Temperature development for period 0 <+ 600 s of 14 characteristic nods.
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Figure 8a. Temperature distribution at 36 s.
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would not disturb the normal movement of the IC power-
ing cable during normal operation (see Figure 3). The sec-
ond 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 ef-
fort from the ball on the cable by digital dynamometer. The
success criterion consisted in non-exceeding the theoreti-
cally calculated effort (13.9 kg) more than 10%. In Figure 9
the dynamo-graphs are presented. The greatest peaks are
related to the initial pull-up/pull-down of the cable by the
telpher, used for this experiment.
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Figure 9. Dynamo-graphs of the cold experiment (phase 1).

In the second phase of the cold experiment, 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
its overall length, thus imitating the melting cut of the ca-
ble. The success criterion was that the cable must not hin-
der the ball to plug fully the orifice (see Figure 3), what
happened indeed.

This way both phases of the cold experiment were success-
ful.

4.2 Hot experiment

The purpose of the hot experiment was to use a melt sim-
ulant with similar thermodynamic properties as the real
melt, to pour it down it in a steel tube @ 108 x 6 mm 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 Figure 3) without penetrating below the plug.

The success criterion was the following: the melt, after
pouring in the tube with the plug to freeze in the clear-
ance within the height of the plug. For this purpose, a melt
simulant was used consisting in mixture of Al and TiC in
proportion 65:35 wt.%. The simulant was malted in an in-
duction furnace at T" ~ 700°C. The estimated viscosity of
the mixture, using [9], at this temperature is in the range of
1 = 0.01-0.1 Pa.s, which is consistent with the results in
[6] and [1]. The calculated hidden phase transition heat of
Al-TiC mixture is AH; ~ 235.2 kJ/kg, while for a mixture
of 88%U0y+12%concrete (this proportion was calculated
in[1])is AHfU02+12% = 228 + 13 kJ/kg.

Concrete

Figure 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.

A flux K-Al-F (9.6 wt.%) was added to the simulant for bet-
ter absorption (wettability) of TiC in the Aluminium, based
on the information in [10-12]. A preliminary experiment
with smaller quantities at the same proportions was per-
formed to prove the good mixing of TiC and Al through
metallographic analysis (Figure 10).

The melt was poured into the model tube, heated prelim-
inary in a resistance furnace. It was found, after cooling
down and cutting of the tube below the plug, that the melt
was frozen (Figure 11) in the 2 mm clearance at 20 mm be-
low of the upper surface of the plug.

Figure 11. Picture of the frozen melt in the clearance between
the plug and the shielding tube.

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

5 Implementaion Works

Some pictures of the mounting of the plugs at the bottom
of IC channels of Unit 5 of KNPP is shown in Figure 12.
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A

Figure 12. Mounting of the plugs at the bottom of IC channels on Unit 5.

The overall implementation process of mounting of the
plugs lasted 2 years (performed during the annual outages)
on Units 5&6 in 2013-2014 respectively.

6 Conclusion

The implementation of the proposed engineering solution
resolve the problem with the early containment bypass -
melt-trough for the Design of VVER-1000, B-320 in case
of severe accident. It was assessed, within PSA Level-2 for
Units 5&6 of KNPP, that the implemented plugs rise the
time for retention of the melt from 1 hour to 36 hours, what
time should be enough to implement the initial evacuation
of the staff and population around KNPP within the high-
est level of the Emergency Plan of KNPP.

Such engineering solution is substantiated and im-
plemented for the first time and contains know-how,
what was the reason to patent it — (Patent No UA
107626/26.01.2015).

That is why it can be of interest for the other existing NPPs
with VVER-1000 but also for other designs of existing re-
actors that can have ionization chamber channels close to
the wall of their rector pit.

Aknowledgments and Statements

This 4-years work was inspired from the investigation of
Prof. B.R.Sehgal and Prof. T.N.Dinh from the Royal Insti-
tute of Technology, Stockholm, [1].

The metallographic investigation was conducted in the
Technical University of Sofia.

The cold experiment was performed in KNPP, which pro-
vided the hall with telpher, dynamometric device and as-
sisting staff. The hot experiment was conducted in the
Aluminium factory “Alumina”, Pleven, Bulgaria, which
provided all necessary [&C equipment, induction and re-
sistance furnaces and crucibles.

The implementation work was performed by KNPP Plc.
and Atomenergoremont Ltd. staff under the supervision

36

of Atomtoploproekt — Ltd.

Special thanks also to Ass. Prof, Dr. P.Grudev fron INRNE,
BAS for reviewing and arranging this publication.

References

[1] Stefanova A., GenchevaR., Groudev P,, et al. (2015) Investi-
gation of molten core—concrete interaction reactor bench-
mark test for VVER 1000. Annals of Nuclear Energy 75 742-
751.

[2] Gencheva R., Stefanova A., Groudev P. (2013)
ASTECv2/MEDICIS computer code investigation of in-
fluence of water content and carbon dioxide content in
the concrete on the kinetics of molten corium-concrete
interaction. Nuclear Engineering and Design 265 625-632.

[3] Sehgal B.R., Dinh T.N., Rao R.S. (2005) WWER-1000/V320
Plant Safety Evaluation Report. Severe Accident Risk As-
sessment and Severe Accident Management. EC PHARE
Project No BG 01.10.01.

[4] Considine D.M. (1988) Van Nostrand’s scientific encyclope-
dia, New York.

[5] Theofanous T.G., et al. (1996) In vessel coolability and re-
tention of a core melt. DOE/ID-10460 (Appendix L), Oct.
1996.

[6] Ramacciotti M., et al. (2001) Viscosity models for corium
melts. Nuclear Engineering and Design 204 377-389.

[7] httpy//www.insc.anl.gov/matprop/uo2/index.php

[8] Sevon T. (2005) Molten Core-Concrete Interactions in Nu-
clear Accidents. Theory and Design of an Experimental Fa-
cility. VTT Research Notes 2311, Espoo 2005.

[9] Dinsdale A.T., Quested P.N. (2004) The Viscosity of Alu-
minium and its alloys - a review of data and models. Journal
of Materials Science 39 7221-7228.

[10] Kennedy A.R., Karantzalis A.E. (1997) The Incorporation
and Redistribution Behaviour of Ceramic Partiles in Liquid
Al and the Relation to Their Wetting Characteristics. In Pro-
ceedings International Conference High Temperature Cap-
illarity, 29.06-02.07.1997, Cracow, Poland.

[11] Kennedy A.R. (1997) Reinforcement Selection for MMCs
Based on Wetting Information. In Proceedings Interna-
tional Conference High Temperature Capillarity, 29.06-
02.07.1997, Cracow, Poland.


http://www.insc.anl.gov/matprop/uo2/index.php

Prevention of Early Containment Melt-Through during Severe Accident on WWER-1000, B-320 Light Water Reactor

(12]

(13]

Sleziona J., Myalski J. (1997) Influence of Wetting on
the Production of Metal-Ceramic Suspension. In Proceed-
ings International Conference High Temperature Capillar-
ity, 29.06-02.07.1997, Cracow, Poland.

Moon H.-K. (1990) Rheological Behavior and Microstruc-
ture of Ceramic Particulate/Aluminum Alloy Composites.
Massachusetts Institute of Technology, Ph.D. Thesis, Final
Technical Report, Grant NAG 3-808, MIT/OSP 99328, Pre-
pared for NASA Lewis Research Center, MIT 1990.

[14] Syam Sundar L., Sharma K.V. (2008) Experimental Determi-
nation of Thermal Conductivity of Fluid Containing Oxide
Nanoparticles. International Journal of Dynamics of Fluids 4

57-69.

[15] FellerR.]., Beckermann C. (1997) Modelling of Solidification
of Metal-Matrix Particulate Composites with Convection.

Metallurgical and Materials Transactions B 28 1165-1183.

37



