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MODELLING OF A CORIUM PROGRESSION IN REACTOR
VESSEL AND CONTAINMENT DURING SEVERE
ACCIDENT AT NPP

Sejed ASLKHADEMI', Ali MOGADDAM?, Ivan KAZACHKOV?

Nuclear power safety problems are recognized as the most important in
further development of the nuclear power industry in the world and present
operation of the nuclear power plants (NPPs), which are still considered by many
countries as the highest priority energy source. The paper is devoted to the problems
of corium retention inside the containment during severe accidents at the NPPs and
their modeling, which have a great importance for guaranteeing the safe operation
of the stations.

In the nuclear reactors of the third generation, which be necessary at the
change to the operable reactors of the second generation, the presence of a passive
systems (they are capable for work even under the conditions of the complete de-
energizing of station) is required for NPPs protection from the severe accidents, to
localize emergency and to prevent leakage of the radioactive materials outside the
containment. As far as the containment is the last safety barrier of NPP, the problem
considered is of paramount importance for nuclear power safety.

For a successful construction and an operation of the passive safety systems
it is necessary to carry out modeling and simulation of the different thermal
hydraulic processes with the “hypothetical severe accidents” scenario, in order to
be acquainted with the processes taking place and to build the correct and effective
protective system on the basis of the obtained in such simulation knowledge.
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1. Introduction

During postulated severe accidents at NPPs the high temperature molten
core material is expected to encounter water. The melt-water interaction would
then involve film boiling, intensive evaporation up to a steam explosion, melt
fragmentation and solidification, etc. If a vapor film around discrete melt
fragments collapse, the interaction with the water can result in steam explosions.
Such events are of potential safety concern, partly due to the dynamic loading on
reactor and/or containment structures, and partly due to the generation of fine
debris particles, which could have a negative impact on the long-term coolability
of the core material.
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Many problems were studied concerning the basic features of the severe
accidents’ progression during the past two decades analytically and
experimentally [1-25]. Ex-vessel melt (debris) coolability revealed as a critical
safety issue for the current and for the future water reactor plants with respect to
stabilization and termination of the postulated severe accidents with a core melt
down [3,4,6,12,14,15]. Late phases of a severe accident progression are associated
with a corium melt discharge from the reactor vessel and further spreading of it on
the concrete basemat in the current NPPs of the second generation or in a core-
catcher in future plants of the third generation.

The accident would be considered terminated when the coolability
(quenching and solidification) of the melt/debris bed is achieved in the long term.
The most convenient accident management measure to cool the debris is to
establish a water layer on a top of the melt pool. This coolability scheme has been
investigated extensively in the MACE experiments (Sehgal et al. 1992 and Merilo
et al. 1997) where it was found that a tough crust is formed on the upper surface
of the melt pool, which severely limits the access of the water overlayer to the
melt pool.

Tromm et al. (1993), Alsmeyer and Tromm (1995), Alsmeyer et al. (1998)
achieved coolability by injecting coolant water from the bottom of the core melt
pool. This has been investigated in the COMET experiments performed in
Germany by FZK. In the experiments the melt was found to quench in a relatively
short time to porous, easily penetrable debris, with continued access of water to
the regions of the solidified debris.

The understanding of the peculiarities of a film-boiling phenomenon under
such circumstances, spreading of the corium on the basemat of the containment,
corium jet penetration into the water pool [23], cooling the particles of corium
after their solidification [21,22,24,25], cooling of the corium melt layer by
injection of water jets [14,15], etc. These and other phenomena are of significant
importance for understanding the features of the severe accident scenario at NPPs.

In this paper, the conditions governing the behaviors of a corium retention
and coolability inside the containment during severe accidents at the NPPs and
their modeling are analyzed and the basic approaches for such modeling and
simulation are studied.

2. To the modelling of a corium melts cooling by injected water jets

The problem belongs to a multiphase multicomponent flow dynamics with
intensive heat transfer and phase changes (vaporization of the water due to contact
with hot melt, melts cooling down and solidification, etc.). The experimental
visualization of the coolant jet injection into the melt pool performed at the
RIT/NPS [14,15] is shown in Figure 1 to the left. The schematic representation of
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the jet divided into the three parts (in Fig. 1 to the right): an initial part where
injected water evaporated at the outlet from a nozzle is mixing with a surrounding
corium melt to be cooled down, transient part and fully developed turbulent flow.
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Fig. 2. Velocity and phase indicator profiles for two-phase jet model scheme.

Figure 1 to the left shows very well the close correspondence of the
schematic model applied (right in Fig. 1) to the real experimental data. Dr.
Palladino has got clear pictures of a jet flow where even potential core of the
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vapor is sharply seen. The end of an initial part of the jet is located where the
vapor is totally mixed with the melt. Transient part is intermediate between the
initial part and the fully developed turbulent mixing layer (ground part). The
ground part is the longest one, where all components of the two-phase flow are
well mixed (vapor, melt, and solidified corium particles in some locations).

3. Formulation of the equations for the model of two-phase jet

Basic parameters of the turbulent two-phase jet are the initial velocity u,,

of the vapor flow at the outlet from the nozzle with the radius r,. Viscosities and
densities of the vapor and melt are, respectively, 4, , 4, and p,, P, . The maximal

velocities of the phases are at the jet axis u and their function-indicators

ml » m2’

according to the method of Prof. A.I. Nakorchevskii [26, 27] are B, ,, B, ,. If the

ml >
phase is present at the moment at the point considered, the function-indicator for
that phase is equal 1, otherwise it is 0. Thus, B, + B, =1 is satisfied at each point.
The equation array for axisymmetrical (d/d@=0) two-phase turbulent jet
in cylindrical coordinates (x, ¢,y) according to [26] is presented as follows

0 ) u, du, | 19 J

—(yp.Bu,)+~—(yp.Bv,)=0, pB|u L +v % |=2 2 (yBr)-L(Bp). (1
5 DPBu )+ (pBY)=0. p (u o ayj S 3y WBE) 5 (Be). (D
i, j=1, 2, 7, = p,k,0u,,0u, / dy - turbulent shear by the “new” Prandtl formula, where

K. is the constant for i phase, O is the width of the mixing layer, U, V, p are

velocity components by coordinates x and y and pressure, respectively.
Gravitational forces are neglected, and by index i the sum in the equations (1) is
taken so that the equation array is presented for the phase mixture.

Now the boundary condition for the initial part of the jet is stated as

du, du, 9, 0B J’B
0, u=u, 2=2 =0, B =1, 22=0, 22 =p 2
=5 =, on  on’ 877 : on on’ (6 @
2
p=1 u=u,=0, -9 _o 9% _4 p_g 3)

on on  on’
Accounting the boundary conditions (2), (3), polynomial approximations
for the dimensionless velocity profiles are got in the form

w=1-41°+3n", u,=1-6n"+8n7"-3n", B =1-n"+0.57°(1-m)h({), &)
where the dimensionless velocities are obtained with respect to the scale velocities
Uy, Uy -

Another dimensionless coordinates and parameters are as follows:
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é/:](li, n:LO(x), sozh, ”l:&, y():y()(x), g:a(x)

Ty o o P % To
Here &, =k,/k;, the function h({) is determined according to the value of

. 2
, By =ns; .

parameter iy, e.g. for n>3 itis h({)e[-6,0].

Then substitution of polynomial approximations (4) into the equations (1)
and further integration of them across the mixing layer yields for the initial part

Yo +2y,0a,+28%a, =1, Y2 +2y,0 (a,+ib,)+28%(a, +ih,) =1,

u, wod = s =y s
(1—141 ) d);?+d§[ (a; +iyb, )+§2(a4+lob )]—ul g(yoé‘al +52a2)—
l‘)uzd_g“(y“gbl+52bz)=(yo+577 ){Bl (d_brtylj +ighy (1B, )[dn” 5)

The values signed with a star * are computed at the middle section of the mixing
layer (177 =0.5). In general, the value 77" can be chosen arbitrary. Here the next
integrals were computed in the equations (5):

o o

a, =a11+a12h=J. Budn, a2=a21+a22hzj.()Blu177d77,
—2 h—2

=ay +ayh= j Bu'dn, a,=a,+a,h= _[0 Bu ndn,

_— 1 —_—
b =b, +b,h= _[0 B,u,dn, b, =b, +b,,h = '[0 B,u,ndn,
and so on, similarly for b,,b,. Computation of the integrals is a simple routine
procedure. Then equation array (5) is solved with the boundary conditions:

§:07 §0=l, 3:0; g’:;l, yo:()’ 525‘1 (6)

Similar equation array is got for the ground part of the jet flow

62 ;’ 2B ln152_a21+a22h+l(§20+ﬁ21+ﬁ22 J

o, +o,h

ml

d_é/ i ml52 {(Z + (Z hl(gm +1821 +1822 J} U,y z mluml I:ul (a'n + (leh) +
ml

+ill, {%"’ 11+ 12h :|:77 Bmlunzllé‘(a_y;j |:?/1 +?/2h+lk'21{al/—t2/az] (B__% _?/Zh]]’
ml 1 ml
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Boundary conditions for the equation array (7) are stated as follows
x=x, u,=1, B, =I.

ml

®)

4. Numerical simulation of the corium cooling with vapour jets

Numerical solution of the boundary problems (5), (6) and (7), (8) was
performed on computer. Some results of computations and experimental data
[14,15] are shown in Figure 3. Based on the flow parameters computed the
temperature in the melt pool and vapour flow rate were also estimated. The
correlation between numerical results and experimental data [14,15] is good.
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Fig. 3. Velocity and phase-indicator profiles for the two-phase melt-coolant jet.

The results obtained allowed performing the experiments with the
different modelling melts: CaO-WO3;, MnO+TiO,, etc. [14,15]. An example of a
porous material obtained by this cooling scenario for MnO+TiO; is shown below.

Fig. 4. MnO-TiO, debris of ceramic type (simular to UO,+ZrO,) structure.
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The obtained structure has porosity in the debris interconnected and uniformly
distributed. Therefore it may be cooled down uniformly by the water ingression so
that such severe accident scenario allows controlled debris bed cooling.

5. Conclusions

The proposed two-phase model has been proven successful for modelling
and simulation of the corium melt cooling down by water jets’ injected from
below into the melt pool. It allows computing the velocity and phase distribution
(vapour, melt) in a space occupied, as well as estimating the required water
(vapour) flow rate and obtained temperature distribution.
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