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Abstract⎯Analysis of the thermal state of molten pools that can be formed on the vessel bottom of the
VVER-600 medium-power reactor during a severe anticipated accident with melting of the core is repre-
sented. Two types of the molten pool of core materials, with the two-layer and inverse three-layer stratifi-
cation, are considered. Thermal loads acting on the reactor vessel from the melt are estimated depending
on its formation time. Features of the thermal state of the melt in the case of its inverse stratification are
analyzed. It is shown that thermal loads on the reactor vessel exceed the critical heat f lux (CHF) when
forming the two-layer stratified molten pool 10 and 24 h after its shutdown, and the thermal load is close
to the corresponding CHF or somewhat exceeds it in 72 h. In the case of the formation of the inverse struc-
ture of the melt, one can observe a decrease by more than 2.5 times (in comparison with the two-layer strat-
ified structure) in the thermal load on the reactor vessel in the region of its contact with the upper layer of
the steel melt. Analysis of results showed that maximum densities of heat f lux to the reactor vessel from the
bottom metallic layer with the melt inversion did not exceed corresponding CHFs 24 and 72 h after the
reactor shutdown. Because the thermal load on the reactor vessel can be localized in the region of its bot-
tom, where the CHF is relatively small, during the inverse stratification of the melt, there is a need to carry
out further in-depth experimental and analytical investigations of conditions for formation of the stratified
molten pool and to obtain corrected experimental CHFs for conditions and outlines of cooling the external
surface of the VVER-600 vessel in a severe accident.
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Analysis of the possibility for in-vessel retention of
the core material melt during the severe anticipated
accident (SА) for vessel-type reactors (VVER, PWR,
BWR) is based on the knowledge of the thermal state
of the vessel structure of the reactor plant (RP), which
is subjected to heat action of the high-temperature
melt forming in the bottom part of the vessel with the
accident development. The reactor heating results in
melting of its wall fusion and deformation, because of
the high-temperature creep of vessel steel, which
finally can result in the damage of the vessel structure
and the radioactive material yield beyond it. The pos-
sibility for retention of the reactor vessel loading
capacity in the SA depends on values and the character
of the thermal load distribution over the inner surface
of the vessel wall, cooling conditions, and conditions
of the force loading of the vessel during the accident
[1–9]. As a rule, the analysis of thermal loads on the
reactor vessel from the molten pool in the SA is carried
out with the supposition that the melt has the two-
layer stratified structure [2–8]: the metallic melted
layer (steel, zirconium, etc.) is placed over the heat-
generation oxide fraction of the melt (Fig. 1a). How-

ever, experimental and calculation data [10–16]
obtained in recent years show that SA conditions
accompanied by the core melting can result in the for-
mation of the melt in the bottom vessel part with the
more complex structure of materials of the core and
vessel internals (VIs). Pool dimensions and the struc-
ture of the melt more substantially affect the thermal
load distribution over the reactor vessel and, conse-
quently, its deformation behavior during the accident
situation. At the present time, based on experimental
data obtained in the context of a number of research
programs, for example, MASCA (OECD/NEA),
METCOR, and CORPHAD (International Science
and Technology Center (ISTC)) [10, 11, 17], one can
suppose that the certain stage of the SA development
in vessel reactors can form the molten pool with the
inverse stratified structure. In this case, the possibility
is for the displacement of more dense metallic compo-
nents (uranium and its compounds with iron, nickel,
chromium, and zirconium) into the bottom part of the
melt because of the uranium and zirconium extraction
from the oxide fraction of the melt (Fig. 1b). Because
such metallic melt phase has the residual heat genera-

NUCLEAR POWER PLANTS



THERMAL ENGINEERING  Vol. 63  No. 9  2016

ESTIMATION OF THERMAL LOADS ON THE VVER VESSEL 649

tion and the high heat conduction (in comparison
with the oxide fraction of the melt), one can expect the
substantial redistribution of the thermal load on the
reactor vessel wall in comparison with the traditional
two-layer melt structure. In spite of the absence of
complete data at present on conditions of formation of
the inverse stratified melt in the SA, there is the objec-
tive necessity to study features of the melt behavior
with such structure and its effect on the thermal state
of the reactor vessel structure under conditions of the
SA [12–15]. The necessity and actuality of similar
investigations as applied to the RP of VVER are deter-
mined by the practical absence of data, which allowed
us to estimate the effect of the formation of the dense
metallic phase in the bottom part of the molten pool
on the thermal state of the reactor vessel structure.

RESEARCH OBJECTIVES AND INITIAL DATA

The general objectives of the research are the esti-
mation of thermal loads that act on the reactor vessel
from the molten pool and the study of features of the
behavior of the inverse stratified melt, which can form
in the bottom part of the reactor vessel during the
anticipated SА. The thermal analysis of the molten
pool was carried out for the VVER-600 medium-
power reactor based on the numerical simulation of
thermohydrodynamic processes in the melt subject to
natural convection and thermal effects of melt-
ing/solidification. For purposes of the study of the
influence of the melt structure on the thermal load
and the character of its distribution over the reactor
vessel surface, parametric numerical computations
were carried out for two scenarios of the SA: the for-
mation of the two-layer molten pool in one (metallic
layer of the melt is over its oxide heat-generating part)
and the pool of the inverse three-layer stratified melt

forms in the other (metallic melt layers are above and
lower than the oxide layer). Numerical simulation for
both scenarios was carried out for different times from
the time of the reactor shutdown (initial event) that
allowed us to estimate a change in the thermal load to
the reactor vessel depending on the residual heat gen-
eration in the melt:

The power of the residual heat generation in the melt
was accepted according to ISO 10645:92 Standard,
based on the nominal thermal power of VVER-600,
which was approximately 1600 МW, without the con-
sideration of a decrease in the power of the residual heat
generation in the melt as a result of the volatile fission-
product yield.

In the simulation of the melt behavior in various
time stations, we assumed that the melt incoming the
lower chamber of the reactor vessel occurs instantly
(so-called “volley” inflow). It should be noted that
times equal to 24 and 72 h correspond to the termina-
tion time of the operation of passive safety systems and
are taken conservatively according to [9] as two basic
computational events of the SA for the RP with the
reactor of the given type.

The composition of the melt incoming the vessel
bottom during the accident depends on many condi-
tions and factors characterizing the SA occurring
mode (degree of core damage, degree of zirconium
oxidation, etc.). In view of the significant uncertainty
in the estimation of the quality and dynamics of
incoming of core materials in the bottom part of the

Time after initial event, τ, h 10 24 72 120
Power of residual heat genera-
tion in melt Wres, МW 11.6 9.6 6.7 5.5

Fig. 1. Structure of (a) two-layer and (b) inverse three-layer molten pools in the VVER vessel. (1) oxide melt, (2) upper metallic
layer, (3) reactor vessel, and (4) bottom metallic layer. 
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reactor in the SA, we took data [16] listed in the table
as a base.

In the determination of the final composition of the
three-layer corium after attainment by it of the condi-
tionally equilibrium state (see table), we considered
extraction of metallic uranium and zirconium from the
oxide fraction of the melt, initial degree of zirconium
oxidation, and initial weight of steel involved into
extraction of uranium and zirconium from the oxide
fraction of the melt. The amount of components both
for the oxide and for bottom metallic phase of the melt
was determined in accordance with experimental and
computed data [10–17].

When finding weights of extracted uranium and
zirconium involved in the formation of the bottom
metallic melt layer, we supposed that the initial degree
of zirconium oxidation and the initial composition of
the melt were the following: initial degree of zirco-
nium oxidation is 0.3; initial steel weight, 20 t; ura-
nium dioxide weight, 64 t; and zirconium weight, 16 t.

For two variants of the inverse stratification of the
melt, we assumed that the upper metallic melt layer
formed after the formation of the bottom metallic and
oxide layers of the melt and the termination of ura-
nium and zirconium extraction as a result of incoming
of additional melted materials (steel and zirconium)
from the upper part of the core and VIs. By data [11,
12, 16–18], the formation of the inverse structure of
the molten pool is possible at the degree of an initial
zirconium oxidation of approximately 0.2–0.4, ratio
of approximately 0.3 for the steel weight to the oxide
fraction of the melt, and uranium–zirconium ratio of
approximately 1.0–1.3 for the reactor structure. Since
the uranium–zirconium ratio is close to 1.2 for the
VVER-600 structure [16], the possibility for the for-
mation of the inverse melt structure as one of its prob-
able transient state is completely substantiated.
Because metallic uranium displaces in the bottom
metallic melt layer during extraction, this layer has
inherent heat generation. When determining residual
heat, which is distributed between the oxide phase and

the bottom metallic melt layer during extraction, it was
accepted that all initial residual heat generation in the
oxide molten pool was provided by UO2, and uranium
during extraction from the oxide phase (UO2) trans-
ferred in the bottom metallic melt layer, having the
residual heat generation corresponding to the amount
of UO2, from which it was extracted.

Thus, taking into account the corium composition
with the inverse melt structure (see table), we can
determine that the residual heat generation in the
molten pool is distributed between the oxide and bot-
tom metallic layer in a percentage ratio as 80 : 20,
respectively. To estimate the effect of the uncertainty
caused by a difference in scenarios of occurrence of
the SA upon the behavior of the inverse melt, compu-
tations were carried out also for another ratio of the
residual heat generation between its oxide and bottom
metallic layers.

When carrying out numerical simulation of the ther-
mal state of the melt, it is supposed that the simulation
region is bounded by the molten pool with taking corre-
sponding boundary conditions [4, 6, 7, 19, 20]. The
thermal state of the reactor vessel was not considered in
the given analysis. Characteristic dimensions of the
molten pool corresponded to inner dimensions of the
VVER-600 vessel [16].

COMPUTATION PROCEDURE 
AND GENERAL ASSUMPTIONS

Analysis of the thermal state of the two-layer mol-
ten pool composed of the layer of heat-generation
components of the corium with thickness h and the
metallic layer (mainly of steel) with thickness hst
(Fig. 2) was realized subject to natural convection in
the melt. The configuration and dimensions of the
molten pool correspond to the shape and inner
dimensions of the vessel bottom of the reactor of the
type considered [16]. Because the melting temperature
of the reactor vessel material is lower than the solidus
temperature of the corium, a corium crust (skull)

Composition of the melt formed in a bottom part of the reactor vessel in the SA

Corium component

Component weight, t

two-layer stratified melt [16] three-layer melt with inverse stratification

metallic layer 
(top)

oxide layer 
(bottom)

metallic layer 
(top)

oxide layer 
(middle)

metallic layer 
(bottom)

Steel (iron, nickel, chromium, etc.) 31.0 – 25.0 – 17.4
Zirconium 6.2 – 8.0 – 3.1
Uranium dioxide – 64.0 – 51.5 –
Zirconium dioxide – 16.5 – 11.7 –
Uranium extracted – – – – 10.6
Weight (in layers), t 37.2 80.5 33.0 63.2 31.1
Total weight, t 117.7 127.3
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forms on the inner surface of the vessel wall (in the
region of the contact with the melt). Therefore, to
simplify the simulation of thermohydrodynamic pro-
cesses in the corium, the computation region can be
bounded by the molten pool (Fig. 2), giving the corre-
sponding boundary conditions at the corium–reactor
vessel interface. For example, in the case of the two-
layer molten pool (Fig. 2a), the temperature at the
interface of the vessel–oxide layer of the melt was
taken to be equal to the melting temperature of the
corium (approximately 2700 K), while that аt the con-
tact with the metallic layer was taken to be equal to the
melting temperature of steel (approximately 1800 K).
For the inverse melt structure (Fig. 2b), it was addition-
ally accepted that the temperature at the contact of the
vessel and the bottom metallic layer is 2600 K. Heat
fluxes to the reactor vessel from the heat-generating
corium were determined subject to the conjugacy of
thermal processes in the metallic and oxide phases of
the melt. Numerical simulation of these processes was
carried out using the computing method for free-con-
vective heat-and-mass transfer in the heat-generating
liquid at the high Relay numbers [6, 19–21], i.е., on
the dominance of the thermogravitational mechanism
of the turbulence initiation.

When solving the problem considered, we used the
mathematical model in which the turbulent convection
in the liquid phase was considered by means of using the
effective heat conduction and diffusion coefficients,
including the molecular and turbulent components
[21], which allows us to refuse to solve motion equation.
At the same time, equations of heat conduction and dif-
fusion of melt components are solved by the shock-cap-
turing method in the whole computed region in which
are metallic melt layer and the oxide corium. The given
mathematical model is successfully realized in the con-
text of the NARAL/FEM two-dimension finite-ele-
ment computer code [4, 6, 7, 19, 20], whose verification

was fulfilled on a wide range of test problems of heat
conduction and convection at the high and low Relay
numbers and different dimensions of the computed
region. Results of fulfilled test computations well agree
both with experimental and with computed data of
other authors.

Numerical simulation was carried out with the fol-
lowing assumptions:

(1) heat-generating phase of the molten pool pres-
ents the homogeneous system of oxides UO2 and
ZrO2, computations use its effective thermophysical
parameters;

(2) melting/solidification process in the melt is
simulated as melting in the pure substance;

(3) forming skull “closely covers” (ideal thermal
contact) the inner surface of the reactor vessel wall;
and

(4) melting of the reactor vessel wall has no effect
on the shape and dimensions of the molten pool.

ANALYSIS OF NUMERICAL 
SIMULATION RESULTS

Figures from 3 to 8 represent results of numerical
simulation of the thermal state of the two-layer
(Figs. 3, 4, and 5) and inverse three-layer (Figs. 6, 7,
and 8) molten pools for different time slices after the
initial event. Comparison of Figs. 3a and 3b showed
that there is a similarity of the thermal state of the melt
in 24–72 h after the reactor shutdown. The tempera-
ture stratification of the corium occurs in the bottom
(oxide) melt fraction, and the maximum temperature
of the upper (metallic) melt layer is observed in its
center. The difference between maximum tempera-
tures in this layer is approximately 100 K in instant
times considered.

Fig. 2. Analytical model of the problem for (a) two-layer and (b) inverse molten pools. R = 1.91 m is the pool radius; (1) oxide
melt, (2) upper metallic layer, (3) bottom metallic layer, and (4) corium.
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To estimate the possibility for the in-vessel retention
of the melt during the SA, there is a need to know the
distribution of the heat flux density over the side surface
of the molten pool. Figure 4a illustrates the profile of
the distribution of thermal load qside over reactor vessel
generatrix S in the region of its contact with the molten
pool, аnd Fig. 4b illustrates that of qupp over radius r of
the upper surface of the steel melt layer.

In the case of the SA, one of general criteria of the
integrity protection of the reactor vessel structure is
the absence of through fusion of the vessel wall during
the accident, which is provided if the thermal load on
the reactor vessel wall does not exceed the CHF qcr at
the external surface of the vessel wall surface. There-
fore, computed values of the density of heat f lux at the
molten pool boundary were compared with CHFs
being the reliable experimental data that were obtained
in experiments on heated models having the shape and
bottom dimensions that corresponds to geometric
parameters of reactor vessel [22]. Based on a restricted
number of experimental data on conditions of the
external cooling of the vessel, we took the following
formulas for estimation of the CHF, which were
obtained on large-scale models of the VVER vessel in
the absence of the director case [23]:

(1)

(2)

where qcr is expressed in kilowatt per square meter; and
φ is the slope angle of the generatrix of the external
surface of the vessel, rad;

and for case of the outer cooling of the vessel with
the nucleate boiling of water in the large volume [16]:

(3)

ϕ = + ϕ < ϕ < °cr( ) 300 12.8 at 0 32 ;q

ϕ = + ϕ − ° < ϕ < °cr( ) 710 2.85( 32 ) at 32 90 ,q

ϕ = + Δ
× + ϕ + ϕ

cr sub
2

( ) (1 0.036 )

(0.434 0.347 0.0604 ),

q T

where qcr is expressed in megawatt per square meter;
ΔTsub is water subcooling to the vapor saturation tem-
perature, accepting ΔTsub = 1 K.

As is evident from graphs in Fig. 4, at times of the
molten pool formation that is 10 and 24 h, the heat
flux density to the reactor vessel in the region of its
contact with the steel melt layer (layer boundaries in
Fig. 4 are designated as RPV Wall) significantly
exceeds corresponding CHFs. At a time of 72 h for the
molten pool formation, the maximum heat f lux den-
sity was 1150 kW/m2, which exceeds CHFs determined
by (1) and (2), and is compared with the CHF com-
puted by (3). Taking into account that formula (3) was
obtained for foreign reactors, as a rule, with the semi-
spherical bottom of the vessel, the use of this relation-
ship for determination of the CHF in domestic VVERs
can be only under the condition of the comprehensive
and substantiated verification of its availability.

The heat f lux density in the contact region of the
oxide layer with the reactor vessel was found to be sig-
nificantly lower than the CHF that well agrees with
previously obtained results [9, 16].

The heat f lux density at the upper steel melt surface
(Fig. 4b) is substantially lower than the thermal load
on the side surface of this melt layer and does not
exceed 220 kW/m2 (at a molten pool formation time of
10 h). The thermal load on the melt surface conditions
both the heating intensity on the reactor vessel wall
placed above the molten pool and dynamics of core
heating and melting.

The residual heat generation power decreases with
time after the initial event. The maximum heat f lux
density correspondingly changes approximately from
2000 to 850 kW/m2 (qside max) to the reactor vessel in the
region of its contact with the molten pool and from
200 to 150 kW/m2 (qupp max) at the upper surface of the
steel melt layer in 10–120 h (Fig. 5).

Fig. 3. Thermal state of the two-layer molten pool at its formation time of (а) 24 h and (b) 72 h after the initial event. Wres, МW:
(а) 9.6, (b) 6.7. 
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Of special interest is analysis of the thermal state of
the melt and the thermal load on the reactor vessel
during the formation of the three-layer inverse molten
pool. Simulation of the thermal state of such melt was
carried out for two scenarios of the accident. In the
basic scenario, the corium composition was repre-
sented by data of the table, which corresponded to the
distribution of the residual heat between the oxide
phase and the bottom metallic melt layer in a percent-

age ratio of 80 : 20 (Figs. 6 and 7). The ratio of the
weight of metallic extracted uranium to the total weight
of the bottom metallic melt layer is less than 0.3. At the
same time, according to research results [11], the for-
mation of compositions of metallic uranium and iron
with a uranium content of no less than 70% is possible.
The question on the probability of the appearance of
similar compositions and the formation of the bottom
metallic layer of the molten pool from them during the

Fig. 4. Heat f lux density distribution (a) over the generatrix
of the side surface of the reactor vessel and (b) along the
upper surface radius of the two-layer molten pool. τ, h:
(1) 10, (2) 24, (3) 72, and (4) 120; changing the CHF:
(5) by (1) and (2) and (6) by (3). 
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SA remains open up to now, and to solve it finally there
is a need to carry out further profound experimental and
computational investigations and additional study of
determining thermophysical processes in similar sce-
narios of the SA. Because of such uncertainty, we
decided also to consider the accident scenario at which
the bottom metallic melt layer gets the greater amount
of extracted metallic uranium than in the above-con-
sidered variant with the distribution of residual heat

between the oxide phase and the bottom metallic layer
in a percentage ratio of 55 : 45 (Fig. 8).

Figure 6 represents the thermal state of the molten
pool 72 h after the initial event in VVER-600 with the
residual heat distribution between phases in a percent-
age ratio of 80 : 20. Comparison of the variant consid-
ered with the similar one (pool formation time of 72 h)
for the two-layer molten pool (Fig. 3b) showed a sub-
stantial decrease in the temperature (more than by
250 K) and the heat flux density (more than by
2.5 times) at the side surface of the upper steel melt layer
(Fig. 7a). As a result, the thermal load that acts on the
vessel wall in the region of its contact with the upper
metallic layer was found to be lower than corresponding
CHFs determined by (1)–(3) at molten pool formation
times of 24 and 72 h (Fig. 7a). As is evident, the forma-
tion of the inverse melt structure in comparison with
the two-layer molten pool (Fig. 4) resulted in a signifi-
cant (approximately by 2.5 times) decrease in the heat
load acted on the reactor vessel in the region of its con-
tact with the upper metallic melt layer at the same total
power of residual heat generation. It should be added
that dimensions (aspect ratio) of the upper metallic
melt layer in two variants considered were taken as prac-
tically equal in order that the comparison of simulation
results was rightful.

Analysis of the thermal state of the bottom metallic
melt layer after inversion shows that its temperature
stratification is observed in the quasistationary state of
the melt, and the region with the highest temperature
is in the central part of the layer under the upper oxide

Fig. 7. Heat f lux density distribution over the generatrix of
the inner surface of the reactor vessel wall at different times
of the formation of (a) the three-layer molten pool and
(b) its bottom metallic layer. τ, h: (1) 10, (2) 24, (3) 72;
changing the CHF: (4) by (3) and (5) by (1) and (2). 

0

200

600

400

800

1 2 3

0

400

800

0.5 1.0 1.5 2.0

S, m

S, m

qside, kW/m2

qside, kW/m2 (b)

(а)

1

4

5

2

3

1
2

3

Fig. 8. Heat f lux density distribution over the generatrix of
the inner surface of the reactor vessel wall for the inverse
three-layer molten pool and changing the CHF over the
external surface of the vessel according to (1) and (2) 72 h
after the initial event. 

0

200

400

600

800

1 2 3

q, kW/m2

qside

CHF

S, m



THERMAL ENGINEERING  Vol. 63  No. 9  2016

ESTIMATION OF THERMAL LOADS ON THE VVER VESSEL 655

heat-generation layer of the corium (Fig. 6). The max-
imum temperature in the bottom metallic layer con-
sidered attains 2200 K, which is significantly lower
(more than by 600 K) than at the two-layer stratifica-
tion (Fig. 3b). This is explained by the fact that the
bottom metallic melt layer having inherent heat gener-
ation has the higher coefficient of heat transfer to the
reactor vessel surface in comparison with the oxide
phase of the melt. This is verified by the analysis of the
heat f lux density distribution on the side surface of the
bottom metallic melt layer (Fig. 7b), from which it fol-
lows that the heat f lux density in the bottom region of
the three-layer molten pool is substantially higher
than under the same conditions with the two-layer
stratification. At the same time, maximum thermal
loads are observed in the near-boundary region of the
contact of the oxide phase and the bottom metallic
melt layer, and the heat f lux density in this region
exceeds similar values for the upper metallic melt layer
(Fig. 7), but does not exceed corresponding CHFs at
melt formation times of 24 and 72 h (Fig. 7b).

When the residual heat generation is redistributed
between the oxide and bottom metallic melt layer as
55 : 45 in the percentage ratio, the thermal load on
the vessel bottom is somewhat higher (Fig. 8) than in
the considered basic scenario (Fig. 7). With allow-
ance made for the fact that CHFs have relatively
small values in the region of the VVER bottom,
where thermal loads act from the bottom metallic
melt layer, problems of the realization of the stable
and effective heat removal from the external surface
of the reactor vessel in this region become very urgent
for provision of the in-vessel retention of the melt in
the case of the SA.

CONCLUSIONS

(1) When forming the two-layer stratified molten
pool 10 and 24 h after the initial event, thermal loads
exceed corresponding CHFs. In 72 h, the thermal load
is close to corresponding CHFs or somewhat exceeds
them. Because conservative assumptions were made in
computations in the present research, there is a need
to carry out additional in-depth studies of the thermal
state of the molten pool for different scenario of its for-
mation in the SA. This makes it possible to more cor-
rectly and reasonably determine regions and condi-
tions of crisis-free cooling of the VVER-600 vessel in
the SA.

(2) In the case of the formation of the inverse melt
structure, there is a decrease in the temperature (more
than by 250 K) and the heat f lux density (more than by
2.5 times) at the contact of the reactor vessel and the
side surface of the upper metallic layer, and the ther-
mal load on the reactor vessel bottom increases.

(3) The heat f lux density at the side surface of the
molten pool in the region of the bottom metallic layer
was found to be substantially higher with the inverse

stratification of the corium than with the two-layer
stratification. The thermal load in the region of the
bottom metallic layer does not exceed corresponding
CHFs at a molten pool formation time of 24 and 72 h
after the initial event.

(4) In-depth experimental and analytical studies
are required with the following purposes:

(a) study of conditions for formation of the inverse
stratified molten pool in the SA;

(b) determination of the residual heat generation
distribution between melt phases with its inverse strat-
ification; and

(c) obtaining of improved CHFs that most com-
pletely correspond to the actual f low diagram of cool-
ing of the external surface of the VVER-600 vessel in
the SA.
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