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AnHoTaipa

Paccmatpupaerca npo6iema ananmsa meonpenenennocTedt B Monenax Gapboraxa u Ten-
JIOCIPOBONHOCTH BHYTPE GeTona. IlpoBomurca uHC/eHHOE MCCACHOBAEME C NOMOULLIO KOMIIb-
IOTEPHBIX KOJIOB Ha OCHOBAHMHM pe3yJLTATOB HaTypHbix exkcnepumentos ACE MCCI TEST L4,
MACE M1, BETA V7.1. B xauecTBe OCHOBHMX Pe3yJbTATOB NPE/CTABIECHH BPEMEHNBE 3aBH-
CHMMOCTH TaKMXI NapaMeTpPOB Kak: rjiyOMHa eDO3MM, TOMIUMHA KODKHM, CPENHAA TeMIEpaTypa
pacniaasa. [lonyuennsie pesy/ibTaTh MOK23WBalOT BAXKHOCTh PACCMaTPHBAEMBIX Mozenel u
MX BAMAHWE HA WHTErpajibHHe XapaKTepHcTHKH npouecca MCCI.
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Abstract

The problem of the analysis of the uncertainties in the bubble models and the heat conduc-
tivity into concrete is being observed. Numerical investigation is being done with the help of
computer codes of the basis of the results of the natural experiments ACE MCCI TEST L4,
MACE M1, BETA V7.1. Time dependences of such parameters as the depth of erosion, the
thickness of the crust, the average temperature of the melt are presented as the main results.
The obtained results show the importance of the models being observed and their influence on
the integral characterictics of the MCCI process.
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Abstract

The problem of the analysis of the uncertainties in the bubble models and the heat conductivity
into concrete is being observed. Numerical investigation is being done with the help of computer codes
of the basis of the results of the natural experiments ACE MCCI TEST L4, MACE M1, BETA V7.1
Time dependences of such parameters as the depth of erosion, the thickness of the crust, the average
temperature of the melt are presented as the main results. The obtained results show the importance
of the models being observed and their influence on the integral characterictics of the MCCI process.

1 Introduction

The course of the severe accidents at the NPP is accompanied by the melting of the heat generating
elements and without proper preventing measures it may lead to a full core melt, to the melt through
of the reactor’s vessel and to the fall of the molten corium to the concrete base of the shaft. As a result
the corium heated up to high temperatures due to residual heat release begins to interact with concrete,
destroying it and penetrating into the concrete shaft. Due to the danger of radioactivity outlet from the
reactor’s containment, much attention is paid to the processes of interaction between the molten corium
and concrete (MCCI). Parallel with the theoretical analysis of the main processes at MCCI, natural
studies are being conducted in various countries. Some well-known experiments with considerable masses
of the melts are being done in the USA in laboratories SANDIA [1] and ARGONNE [2] and in Germany
in KFK on the BETA (3] plant.

The idea of these experiments is a detailed investigation of thermal and physico-chemical processes
under the interaction of a high temperature melt with various types of concrete. The use of such exper-
imental data in comparison with the results of computational experiments which are fulfilled with the
help of programs worked out for the description of this interaction, allows to make more or less detailed
testing of these computer codes.

One of the main processes, playing the important role when analyzing and modelling the interaction
between the molten core and concrete is the heat transfer in the melt, which depends on the inner
structure of the repeated melting of its separate parts. Heat transfer on the boundary melt/concrete is
no less important when in the course of concrete decomposition a large amount of gases is being released.
These gases form a gaseous film between the molten corium and the concrete base of the reactor The
heat transfer through the film is realized with the help of heat conductivity, convection and radiation.
Depending on the intensity of gas release, the regime of a film forming may be laminar and turbulent.
While modelling heat heat transfer on the boundary melt/concrete, it is necessary to consider the possible
existence of microconvective boundary layer into the corium near by the boundary. This microconvective
boundary layer influences considerably the thermal resistance near by the boundary. As the heat release
is reduced and the temperature of the melt decrease to the temperature of solidification, the conditions for
crust formation arise on the boundary melt/concrete. It must be emphasized that the formation of crust
on the boundaries may lead to considerable redistribution of thermal fluxes which influence significantly
such parameters as the depth of erosion, the thickness of the crust, average temperature of the melt and
ete.



Chemical reactions in the melt between separate mixture components and gas which bubbles through
the melt and also the output of aerosoles and fission products and the change of the residual heat
release with such output are of great importance for the analysis. Besides physical processes, the models
describing thermodynamic and thermophysical characterictics of the melt’s components mixture which
take part in the interaction in a wide range of temperatures, influence greatly the receipt of correct
numerical results,

Variety of processes and the lack of a detailed and accurate information in many cases raise a lot of
approaches for the elaboration of integral physical models and computational programs. Let’s menticn
the programs CORCON [4], WECHSL (3] and RASPLAV [5] among the codes, modelling the processes
of core/concrete interaction. The problems are solved in different ways in these programs and this leads
to the uncertainty of modelling of transitional and also separately taken processes. At the same time,
which analyzing integral characteristics, such as the depth of concrete decomposition, a good agreement
experimental data with numerical calculations, performed with the help of various codes, is being observed
and this testifies to the conservatism of the models used in this codes.

Uncertainties are understood as insufficient knowledge of properties of complex compounds and pro-
cesses which take place in the course of contact core/concrete. Insufficient study of some separate process
and it's influence on the results of the interaction on the whole is also understood as uncertainty.

In this report one of the possible numerical methods of uncertainty analysis in the models of heat
transfer, stipulated by the penetration of gas bubbles through the melt, and heat conductivity in concrete
is offered. The uncertainty analysis in these models was done with the help of numerical modelling on the
basis of such experiments as: ACE MCCI TEST L4 [2], MACE M1 [6] and BETA V7.1 [3]. The depth
of erosion, core average temperature, the temperature on the upper boundary of corium, the thickness of
the crust and the rate of it’s formation, the rate of burning out of zirconium and other parameters were
chosen as the main parameters for the observation.

2 Brief description of the main models of WECHSL version

The program WECHSL describing the quasi-steady stage of core/concrete interaction is guided, is
the main, to the calculations for the NPP This program provides one-dimensional and two-dimensional
interaction of the active zone residues with concrete for light water reactors. Stratifications of the melt on
the oxide layer and metal layer is admitted, besides, the existence of a thin gaseous film on the boundary
of interaction between the melt and concrete is supposed to be. WECHSL models assume that when
the melt is cooled on the boundaries of interaction with concrete or atmosphere, the existence of the
solidification processes is possible, i.e. the formation of solid crust where the heat transfer is stipulated
only by heat conductivity. The calculation of solidus temperature T}, and liquidus temperature Thig is of
great importance in crust modelling. The triple phase diagram Fe — Cr — N1 is chosen for metals. The
influence of other metals on the results of Ty, and T}y, calculation is ignored. Pseudobinary diagram is
used for oxides. In this diagram uranium and zirconium oxides form a high-temperature component and
ferrum oxide form low-temperature component. The main chemical reactions reflecting the interaction
between the molten metals and gases which are formed in the process of concrete decomposition are also
realized in this program.

Code WECHSL is guided to the calculations with one type of concrete. That’s why it is impossible to
model the experiment with multilayer concrete ACE MCCI TEST L4. In this experiment the basement of
the plant was made of silicate concrete except the upper layer in which the serpentine concrete was used.
The base of serpentine concrete forms the serpentine mineral (the chemical formula M g3Si»07 * 2H,0).
The program WECHSL-MOD3 was modified because it was impossible to determine the serpentine
mineral in the code. That allowed to take into account correctly Mg3SiaO7 x 2H20 and MgO oxide,
which appears in the result of serpentine mineral decomposition. Becides, the modified code allows to
determine not one but two types of concrete all at the same time.

3 Brief description of the main models in the code RASPLAV

The prograrn RASPLAV is determined for two-dimensional modelling of the processes of thermal
and mass transfer in the domain of complex form. In this program the problem of heat transfer in
two-dimensional (r, z) geometry is being solved. This problem allows to perform detailed modelling of



the processes of formation and repeated melting of crusts, which are being formed near by the boundary
of the melt with cooling media. The modelling of phases transitions in the code is done by setting the
temperature dependence of thermophysical characterictics. The mechanism of corium elements transfer
through the melt and the model of emergion of the products of concrete decomposition are determined in
the program. As the result the experiment SURC-4 [1] was modelled more or less in detail. The program
supposes the stratification of the melt in layers with the possibility of determining various coefficients of
heat transfer on the boundaries between the layers. The models of the main chemical reactions between
the molten metals and gases released from the decomposed concrete are observed in the code. The number
of layers in concrete (or in some other basement) and the mechanism of heat conductivity in concrete
and constructional materials are also considered in this code.

4 Analysis of some peculiarities in the bubble models

One of the most important parameter, defining the heat regime inside melt, is the heat transfer
coefficient in the molten corium, which is due to the movement of gas bubbles. In this section the
different models for the calculation of the heat transfer coefficient, which depends con the velocity of
gases, viscosity and local temperature is being observed.

The following models are realized in the code RASPLAV:

BLOTTNER [7]

h= n(g/ygk;)°'33(0.4a2)°'33

or
h = (g /vik1)*33(0.050)%32 (1)
and
GREENE [§]
h = 5.056(u1/k1)°3(V, frir) 8
or

h = 1.95k(RePr)* " /r,. (2)

While calculating the heat transfer coefficient the influence of viscosity was taken into account. The
following dependence of the of viscosity on temperature was used:

14057

v(T) = “(1—_"7‘)7» (3)
where:
- T:h'q -T
f - Th'g = Lol ’

For the first model this influence is essential, but for the second one it is not.

While calculating the heat transfer coefficient in the code WECHSL well known WHERLE model [3]
is used:

h = 0.0535(g8/v)° 3 Pro* 7 ATk,

here:

V. PL — PH —0.4265
= vl (o)
Ub PH



For the models of mechanical mixture of the corium éomponents the way of approximation of mixture
thermal conductivity coeflicient is important. While modelling the heat transfer processes in the melt by
means of RASPLAV code two possible approximations were considered:

the mean arithmetical Kiot = z dik; (4)

and

the mean harmonical /K0 = Z bi/K;. (5)

Since the conductivity coefficients for pure metals and oxides are greatly differ, then while modelling
of the full mixing of molten corium the average coefficients, calculated by formula (4) or (5), may be
differ to a considerable extent.

The script of experiment MACE-M1 was used for the analysis of the uncertainties in the heat transfer
models:

Corium mass 430 kg

Type of corium PWR

Type of concrete Limestone/common sand
Concrete dimensions 50.2 % 50.2 % 50.0 cm
Concrete density 2.4 gfem3

Initial temperature 2600 K

Tyo1 and Ty 1393/1568 K

Power 100 kW

Pressure 0.1 MPa

Water addition 2.5 ¢m basemat erosion

Water temperature 300 K

Numerical simulation with help of the code RASPLAV was done for two different values of power,
which is supplied in the molten corium: 100 kW and 150 kW.

Calculating experiments showed that values of the depth of concrete erosion are differ one thing from
another no greater then 10-15% for the different models and approximations (see fig. 1).
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Figure 1. Depth of erosion.

While analyzing the rate of concrete decomposition two regions may be pointed out on the figure 2.
The first region corresponds to zirconium burning out and the second region corresponds to quasi-steady
process. The rate of concrete decomposition for GREENE model (2) in two times greater then the rate for
the other models at the first time interval. At the quasi-steady state phase the erosion rate approximately
in 1.4 times less for GREENE model in comparison with others.
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Figure 2: Rate of erosion.

Evolution of the growth crust for the different models are shown in figure 3. The thicknesses of the
crust for these models in quasi-steady interval have essential differences. Thus, the thickness of the crust
reached 2.04 mm for BLOTTNER model (1) with approximation of the heat conductivity coefficient (4),
in the case with other approximation (5) the thickness of crust was 1.28 mm. While using of GREENE
model the thickness of the crust was equal 0.216 mm. The time of the crust appearance for these cases
are differ one thing from another for 32 minutes.
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Figure 3: Upper crust thickness.

It’s necessary to note that the difference between the average melt temperatures for the different
models at the quasi-steady interval is essentially (see fig. 4). The average melt temperature is equal 2045
K for BLOTTNER model with approximation of the heat conductivity coefficient (4), however while
using of the approximation (5) it was reached 2139 K. In the case of CREENE model for the temperarure
the value about 1625 K was received, that close to the solidus temperature 1500 K.

Dependences of the temperature and the heat flux on the upper boundary on time are shown in
figures 5 and 6. The analysis of these dependences shows that numerical calculation, using GREENE
model, is characterized by the higer temperature and, as a consequence, the more greater heat flux on
the upper boundary in quasi-steady time interval.

Thus, summarizing the obtained data, we may state that various approximation of heat conductivity
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Figure 5: Upper bound temperature.

coefficients doesn’t lead to considerable differences of the main parameters. Moreover, the heat transfer
coefficient, calculated on the basis of the model GREENE, provides more considerable output of the heat
to the upper boundary and a heat flux which is more considerable in the integral sense and as a result,
the mean temperature is lower than the temperature obtained by another calculations. This fact may be
explained in the following way: the heat transfer doesn’t depend on viscosity and local temperature while
the heat transfer in the model BLOTTNER reflects such dependence and as a result viscosity plays the

main role at such temperatures in the boundary corium layers (the temperature of the boundary layers
is close to temperature of solidification).

Calculations with the help of code WECHSL were done with the account of viscosity temperature
dependence (3) and without it. In the course of the experiments it was noticed that the depth of concrete
decomposition correlates with the viscosity temperature dependence (3). The depth of concrete erosion,
ignoring this dependence, was equal to 18.8 cm at the moment of time 8000 sec., and with the account
of this dependence, the depth of concrete erosion reached 23 cm during the same time. Besides, the
profile of the curve of concrete decomposition, considering the last case, was more gentle (see fig. 7). The
designation ”Yes” (”No”) corresponds to numerical calculations, which was carried out with {without)
temperature dependency of viscosity.
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While analizing the rate of concrete decomposition two region were pointed out on the diagram
(fig. 8). The first region corresponds to zirconium burning out and the second region corresponds to
quasi-steady process. The rate of concrete decomposition in the second region, with the account of
viscosity temperature dependence, exceled the rate of concrete erosion in 1.5 times for the calculations
ignoring the viscosity temperature dependence.

While studying the growth of the crust (see fig. 9) in the quasi-steady region it was settled that the
value of the crust thickness was 4 times greater, when considering the dependence (3), than without it,
and the difference in time of the crust formation for these cases was 60 sec.

There was no great difference between the temperatures in oxide phase for various models in picture 10.
In the quasi-steady region, when the dependence {3) was used the temperature in oxide phase was 1510
K at the moment of time 8000 sec. and in case when the dependence (3) was ignored the temperature in
oxide phase was 1491 K.

Dependences of the mean temperature and the heat flux on the upper boundary on time are show in
pictures 11 and 12. The analysis of these dependences showed that the numerical calculation, using the
model which ignors the viscosity temperature dependence, is characterised by a higher temperature on
the upper boundary and as a result of it, the heat flux in quasi-steady time region is greater than for the
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model which considers it.

5 Analysis of influence of the models of heat conductivity in
concrete on integral characteristics

The heat conductivity in concrete plays the essential role in the problems of molten core/concrete
interaction. While modelling heat transfer in concrete we observed the following processes. The transition
process i.e. the process of preliminary heating of concrete; the process of quasi-steady decomposition of
concrete (in case of powerful thermal flow into concrete) and a thermal process, when an insufficient
thermal flux for quasi-steady decomposition of concrete is realized on core/concrete boundary. It is
supposed in the first and in the last cases that when the coefficient of heat conductivity in concrete is
small, the character of heat spreading is of great importance.

The model of direct decomposition of concrete as in codes WECHSL and CORCON and the model
which describes this process with the help of the equation of heat conductivitty are realized in the
computer code RASPLAV.

10
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The heat conductivity in concrete may be described by quasi-one-dimensional equation, supposing
that the heat conductivity along the boundary may be ignored:

é_g - g(naTconc)
at ol al
here ! is a coordinate along the normal to the boundary of interaction.

Boundary conditions:

aT
K'a—n = h(Tbaund - Tdcc)

Limitation is imposed on the solution of Tyope.:

Tconc(zn Y, t) < Tee.

Results of the experiment SURC-4 modelling showed that this model allowed to describe the evolution
of temperature in concrete and ceramic constructions correctly.

11
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The use of a simple model of direct decomposition of concrete is justified while modelling quasi-
steady regime of interaction, on which the code WECHSL is oriented, but this approach may lead to
contradictory results.

Inadequancy in the description of the results of MCCI modelling may be shown with the help of the
results of numerical calculation of the experiment ACE MCCI TEST L4:

Corium mass 330 kg

Type of corium PWR

Type of concrete Serpentine/Silicate
Concrete dimensions  50.2 % 49.3 * 30.5 cm
Concrete density 2.4/2.3 gf/em?
Initial temperature 2000 K

Power 50 kW

The dependences of the erosion depth, the thickness of the crust and the temperature of the oxide
phase on time were used for the observation.

The temperatures of decomposition of the both types of concrete, the surroundings temperature and
the solidus temperature were varied.

The analysis of the numerical experiments showed that the depth of erosion of concrete decreased
with the increase of the temperature of concrete decomposition.

We got interesting results when we set the following parameters:

Tiserp = 1753 K
Tasi = 1453 K
Egee = 274 Ml/kg
Tyol = 1200 K
Tams = 700 K

Vertical erosion, in the case being observed, is approximately constant and it is kept in this state
nearly 600 sec. (see fig. 13). However, the temperature on the boundary of the melt (see fig. 77) was no
less than the temperature of concrete decomposition that’s why using the estimation:

b~ VEeonT (6)

we may estimate the characteristic change of erosion during the mentioned time, which must be no less
3 cm. While comparing the estimations, obtained with the help of the relation (6) with the results of
numerical experiment the uncertainty appears.

12
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Conclusions

The main conclusions that may be done in the result of numerical analysis of uncertainties are the
following;:

— viscosity of molten corium and especially its temperature dependence may influence considerably
the distribution of the temperature in the melt, the process of crust formation, what in its turn,
leads to substantial redistribution of thermal fluxes;

— the model of thermal destriction of concrete must take into account the process of thermal conduc-
tivity in concrete that is also necessary for correct determining of gases outcoming in the result of
some concrete components decomposition.
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Nomenclature

h —  heat transfer coefficient,
K -— heat conductivity coefficient,
ky —  thermal diffusivity of the melt,
g —  free fall acceleration,
v — kinematic viscosity,
o — void fraction,
V, — superficial gas velocity,
Ty — characteristic radius of bubbles,
Re= (V, xm)/i — Reynolds number,
Pr=ulk —  Prandtl number,
Thiq —  liquidus temperature,
Tyol — solidus temperature,
Ji] —  heat expansion coefficient,
PL —  low density,
PH —  high density,
¢ —  weight fraction of species i,
E=E(T) ~— enthalpy,
- Teone ~— temperature of concrete,
Thouna — temperature on the boundary,
Tdee — temperature of concrete decomposition,
Tdserp — temperature of serpentine concrete deccmposition,
Tasil — temperature of silicate concrete decomposition,
FEgee — enthalpy of concrete decomposition,
o -— ambient temperature,
koo ~  thermal diffusivity of the concrete,
T — time.
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