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Abstract—An analysis was made of the developed modified Nusselt number ratio Nu for estimating thermal
loads on the surfaces of a flat horizontal layer of metal melt (liquid-metal coolants, metal melt layers formed
inside nuclear power plant (NPP) containers during a severe accident, etc.), heated along its lower surface
and having an uneven radial temperature distribution. The need for such an analysis is explained by the fact
that the use of known relations for the Nusselt numbers Nu for a liquid/melt layer with an uneven longitudinal
temperature distribution leads to significant errors in determining the heat transfer conditions at the bound-
ary surfaces of the layer, which is critical, for example, when implementing the concept of retaining molten
materials inside the nuclear power plant in case of a severe accident (SA). In the proposed relation for the Nu
number on the lateral surface of the melt layer, both traditional (Rayleigh number) and additional parameters
are used, taking into account the temperature conditions on its boundary surfaces (including the lateral one)
as well as the dimensions of the layer. To find the unknown coefficients in the modified ratio, the results of
several series of numerical experiments were used by the domestic ANES CFD code. Using the ratio obtained
for the Nu number, a parametric analysis of the heat-transfer conditions on the side surface of the metal layer
of the melt formed during an SA was carried out. According to the results of the analysis, the proposed ratio
gives good accuracy in calculations (on average, the error did not exceed 7%) and the predictive efficiency of
the developed modified ratio for Nu numbers in the range of Rayleigh numbers from 10° to 10'2. Such a rela-
tion for the Nu numbers on the side surface of the melt layer can be used in assessing the thermal loads on the
nuclear power plant container during an SA and in other problems where there is a radial nonuniformity of

the temperature distribution in a flat liquid/melt layer heated from below.
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The issues considered in this paper are closely
related to the well-known problem of retention of
molten materials of the core and internal devices
inside the nuclear reactor container (NRC) during a
severe accident (IVMR problem—In Vessel Melt
Retention problem) [1—5], when in the lower part the
reactor container, a stratified bath of high-tempera-
ture corium melt with a high level of residual energy
release is formed. In the case of melt stratification, a
less dense layer of metal components of the melt (steel,
zirconium) is formed above the denser oxide (uranium
and zirconium dioxide) fuel part of the corium melt.
With such a configuration of the melt, the effect of
focusing the thermal load [1-3, 6—11] (the so-called
thermal knife) can occur in the area of contact of the
NRC with the side surface of the upper metal layer of
the melt, in which high-intensity thermal loads (over
1.5 MW/m?), causing heating and melting, up to
through penetration of the wall of the reactor con-
tainer. At the same time, with a decrease in the thick-

ness of the metal layer of the melt, the lower surface of
which is heated by the heat-generating oxide phase of
the melt, the focusing effect of the thermal load
increases. Since the thermal loads on the NRC deter-
mine both the dynamics of its wall melting and the pos-
sibility of external cooling of the pressure container
during an SA, obtaining more accurate and timely esti-
mates of the heat load and its distribution over the reac-
tor pressure container is an important and urgent task.

The beginning of systematic studies of heat-trans-
fer processes and phenomena in the corium melt bath
and assessment of thermal loads at its boundaries
during an SA was initiated more than 35 years ago by
the famous scientist T.G. Theofanous and his col-
leagues [1—5]. However, the complexity of the interre-
lated thermophysical, thermomechanical, and ther-
mochemical processes in the reactor container and in
the melt pool and the formation of multilayer stratified
structures in it [6, 7, 12] make an in-depth study of
thermophysical processes in the corium melt under
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Fig. 1. Thermal scheme of the melt layer heated along the
lower surface and cooled along the upper and side surfaces;
h is the thickness of the melt layer; R is its radius; 7 is the

radial coordinate of the layer; 7,,,, Tposom> and Tgg .0y are
the temperatures of the upper, bottom, and side surfaces,

respectively; g, Gporiom> A1 gy 4y are the heat flux den-
sity on the upper, bottom, and side surfaces, respectively.

SA conditions even more relevant. One of the key
problems, the solution of which determines the suc-
cess of the implementation of the IVMR strategy and
the prevention of the release of radioactive materials
into the external environment during an SA, is the
assessment of the thermal load acting on the NRC
from the side of the melt pool. Only having the results
of such an assessment, it is possible to reasonably
apply one or another strategy for managing a severe
accident: external cooling of the reactor container,
internal flooding, cooling of the melt, etc.

Various methods and approaches are used to deter-
mine the thermal loads acting on the NRC under SA
conditions. In particular, the numerical simulation of
the thermal state of the melt pool is widely used with
computational codes based on CFD technology and
other approaches [1, 5—14]. The peculiaritiecs of CFD
modeling in the case under consideration are the labori-
ousness and time costs for preparing the initial data and
obtaining numerical results. Another fairly widespread
approach is based on the use of specialized calculation
programs/codes for the analysis of severe accidents in
nuclear power plants (for example, the domestic inte-
grated code SOCRAT [15] and similar foreign codes
RELAP/SCDAP, ASTEC, and MELCOR [16—19]). In
such computational programs, the assessment of ther-
mal loads at the boundaries of the corium melt pool is
carried out, as a rule, using formulas from [1-3, 12, 20—
27] for Nusselt numbers in the form of functions Nu =
f(Ra, Pr) and Nu = f(Pr, Gr), where Ra, Gr, and Pr
are the Rayleigh, Grashof, and Prandtl numbers,
respectively, both for the outer surfaces of the melt
bath and for its inner boundaries (between the layers of
the melt).

With the obvious attractiveness of this approach to
determining the heat-transfer conditions at the
boundaries of the melt pool during an SA, there are
several problems that need to be solved. One of these
problems is a significant difference in the conditions
(geometric parameters, scale factor, thermophysical
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properties of the model medium, boundary conditions
and flow regime of the medium, values of the charac-
teristic Rayleigh numbers, etc.) under which the
experimental data were obtained and on the basis of
which the corresponding formulas were established to
determine the numbers Nu under real conditions of
the flow of an SA in a nuclear power plant. For exam-
ple, when analyzing an SA, the well-known relation
for determining the Nu number on the horizontal sur-
faces of a flat liquid/melt layer heated from below,
which was derived by the authors of [25] more than
60 years ago, is widely used:

Nu = 0.069Ra"* Pr™"* (1)

Subsequently, on the basis of formula (1), similar
relations were obtained [1, 5, 20, 21, 26, 27] to esti-
mate the Nusselt numbers and heat-transfer condi-
tions in a flat liquid/melt layer when its lower surface
is heated. Thus, the well-known formula from [26],

0.387Ra"*
[1+(0.492/Pr)”" "%

is used to determine the Nu numbers on the lateral
surface of the horizontal layer (Fig. 1) for Ra values
ranging from 0.1 to 102 and any value of Pr.

It should be noted that the use of formulas of the
form (1) and (2) and other similar relationships for
estimating the Nu numbers and analyzing the thermal
loads on the reactor pressure container during severe
accidents often leads to an unjustified underestimation
of the thermal loads compared to similar values
obtained by numerical modeling (CFD, FEM, etc.) of
the thermal state of a stratified melt pool during a
severe accident [6—10, 13, 28, 29]. The reason for such
differences in the values of the number Nu and the
thermal load acting on the NRC during an SA can be
explained, in particular, by the fact that formulas (1)
and (2) were created, as a rule, on the basis of experi-
mental data obtained on small-scale installations [25]
and for media (materials) [26], the thermophysical
properties of which differ significantly from the prop-
erties of melts that also form during an SA. For exam-
ple, formula (1) was obtained as a result of small-scale
experiments [25] on a setup in which the side wall of
the vessel was made of Plexiglas, which has a low ther-
mal conductivity. The wall thickness was such that
heat removal from it to the external environment was
negligible. Due to such conditions for performing
experiments [25], as well as the small dimensions of
the setup and the model liquid layer (the diameter of
the vessel did not exceed 0.25 m), when it circulated
along the lateral vertical surface, the temperature of
the liquid layer remained almost unchanged. With
such a heat-transfer scheme, formula (1) obtained on
the basis of experimental data fully corresponds to the
case when there is hardly any radial nonuniformity of
the temperature distribution in the liquid layer, and
the heat-transfer conditions on the lateral vertical sur-

Nu =|0.825+ , ()
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face of this layer are to a large extent similar to the adi-
abatic boundary conditions.

At the same time, the conditions for the flow of a
real SA in a nuclear power plant are characterized by a
different picture of the interaction of a high-tempera-
ture corium melt (both its metal and oxide compo-
nents) with the surface of the reactor container. In
particular, the metal layer (see Fig. 1) of the melt, the
average temperature over which is significantly higher
(by 100—400 K) than the melting temperature of the
entire composition of materials of this layer (including
steel, zirconium, etc.), is in contact along its lateral
vertical surface AB with a colder surface of the steel
reactor container, the melting point of which is 1670—
1770 K, and the outer surface of the container can be
cooled during an SA. In this case, the radial nonuni-
formity of the temperature distribution in this melt
layer [6, 7, 13] is comparable (or exceeds it) with the
temperature difference of the lower OA4 (heated surface
from the side of the oxide layer) and upper CB layer
surfaces (see Fig. 1), which determines the values of
the Rayleigh and Nusselt numbers according to for-
mulas (1) and (2). In this case, relations (1) and (2) do
not take into account the radial nonuniformity of the
temperature distribution in such a layer of the melt.

To justify the applicability of formulas (1) and (2)
to determine the Nu numbers and their “adaptation”
to the conditions of the SA flow in a nuclear power
plant, the values of the multipliers and exponents for
the numbers Ra and Pr in these ratios vary, and their
specific values for various model liquids (water, aque-
ous solutions of salts, molten salts, etc.) are deter-
mined on the basis of experimental data or by a calcu-
lation and analytical method [9, 11].

To obtain such data and refine the values of the
parameters in formulas (1) and (2) in relation to the
SA problem, experimental facilities of various scales
with different geometric characteristics were created.
In order to check and refine the Nusselt numbers at
the boundaries of the oxide bath of the melt with NRC
of the VVER and PWR (AP-600, AP-1000) reactor
plants, several large research projects were imple-
mented (RASPLAV/MASKA, COPO, ACOPO,
mini-ACOPO, BALI, LIVE, etc.) [1, 23, 30-36],
while a research program and a large-scale COPRA
experimental facility have been developed for reactor
facilities being built in the PRC [37].

During the stratification of the corium melt under
SA conditions, the most heat-stressed and subjected
to the most intense thermal loads g, (see Fig. 1) is
the lateral vertical surface AB (the zone of contact of
the metal layer of the melt with the wall of the NRC),
and its lower horizontal surface OA contacts with the
heat-generating oxide phase of the melt. As shown by
the results of numerical simulation of heat-transfer
processes on the surface of the melt layer performed
using the ANES [28, 29, 38] and Star-CCM [13] CFD
codes, the distribution of heat loads depends not only
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on the temperature difference at its bottom (7},,,,,)
and upper (7,,) surfaces (see Fig. 1) but also on the
temperature conditions on its side (7, ,,;) surfaces. In
this case, there is a significant difference between the
results of calculations performed using numerical CFD
modeling [28, 29] and integral estimates of the Nu
numbers using formulas (1) and (2). As noted in [28],
the most probable reason for this difference is the
impossibility of using (1) and (2) to take into account
the uneven temperature distribution in the layer along
its radial coordinate. In order to overcome this short-
coming, it is necessary to modify (1) and (2) in such a
way as to take into account the uneven distribution of
the temperature field along the radial coordinate of
the liquid/melt layer.

To solve this problem, an attempt was made in the
present work to develop such a modification of for-
mula (1) by which it would be possible to determine
the number Nu on the side surface of a layer of metal
melt, heated along its lower surface and having an
uneven temperature distribution along its radial coor-
dinate, during the formation of a stratified corium
melt bath at an SA. The results of CFD modeling of
several series of experiments, which were used to
determine the unknown parameters in the modified
ratios for Nu, were used as initial data. In the course of
the experiments, the thermal state of the model layer
of the melt and the parameters of the heat-transfer
conditions (the values of the internal heat-transfer
coefficients and Nu and Ra numbers) on its lateral and
lower surfaces were studied under conditions of natu-
ral convection at high Rayleigh numbers (over 10°)
and various heat-transfer conditions on its boundary
surfaces. The results of the study are presented below.

OBJECT OF INVESTIGATION
AND METHOD FOR DETERMINING
THE CHARACTERISTICS OF HEAT
TRANSFER ON BOUNDARY SURFACES
OF A LAYER OF MELTING HEATED
FROM BELOW

The approach used in this work to determine the
heat-transfer parameters at the boundary surfaces of a
flat layer of metal melt heated from below under natu-
ral convection conditions at high Rayleigh numbers in
the case of an SA in a nuclear power plant is based on
the use of CFD modeling of the thermal state of the
model layer (see Fig. 1) liquid/melt. It was assumed
that, under SA, a less dense (approximately 5—7 t/m?)
layer of metal (steel, zirconium, etc.) melt is heated
along its lower surface OA from the oxide, denser (8—
9 t/m?), fuel part of the corium melt bath layer located
under it. On the upper surface CB layer, heat exchange
occurs with the medium located above the upper sur-
face of the layer (in-reactor space), and its side surface
ABisin contact with the inner surface of the steel reac-
tor container.
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The possibility of separate consideration of the
thermal state of the upper metallic and denser oxide
layers of the melt pool during an SA is due to the fact
that, as is believed, on the lower surface melt metal
layer OA between the lower surface of the upper layer
(see Fig. 1) and the underlying oxide phase of the
melt, there is a solid boundary [1, 3—5], which is
formed due to a significant difference between the
melting/solidification temperatures of metal (1500°C)
and oxide (2500°C) components of the corium melt
during its stratification during an SA. Unfortunately,
there are no reliable experimental data confirming or
refuting this assumption, and the possibility of accept-
ing such a condition is determined, as a rule, on the
basis of the internal consistency of this hypothesis.

Numerical simulation of the thermal state of the
layer under study was performed under various condi-
tions of heat transfer on its surfaces as well as by vary-
ing the geometric dimensions of the cylindrical layer:
radius R and thickness 4. In this case, the simulation
of the thermal state was carried out in accordance with
a specially developed matrix of numerical experi-
ments, and the results of modeling these series of
experiments were used in subsequent statistical pro-
cessing when finding the parameters of functional
relationships for Nusselt numbers. Such functional
relations for the Nu numbers included both the ther-
mophysical characteristics of the model melt/liquid
and the dimensions of the layer as well as the tempera-
tures on its boundary surfaces (lower, upper, and side)
(see Fig. 1).

When performing numerical simulation on the
lower (OA), upper (CB), and side (4B) layer surfaces,
boundary conditions of the first kind were set with
temperature values Ty, 1,5, and Ty, TESPECtively.
The temperature distributions on each of the layer sur-
faces were assumed to be uniform, and their values
remained constant in each of the experiments but varied
within the limits of a series of numerical experiments.
The assumption of a uniform distribution of tempera-
tures on the surfaces of the melt layer is generally
accepted [1—6, 12, 14, 20—24] when analyzing an SA
using the ratios for the Nu numbers when the calcula-
tion method uses the averaged temperatures of both the
surfaces of the melt bath and volume-averaged tem-
peratures of various phases of such a corium melt bath.

The numerical simulation of the thermal state of
the melt layer was carried out by varying its geometric
dimensions. Thus, changing the radius R layer was
carried out in the range from 1.4 to 2.5 m, and the
value of the aspect number (#/R) ranged from 0.1 to
0.8. In this case, the values of the Rayleigh number Ra
ranged from 10° to 10'2. The number Ra was calculated
from the known dependence

Ra = gBATH [(va), 3)

where g is acceleration of gravity; B3 is the volumetric
thermal expansion coefficient of the model melt; and
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v and a are the kinematic viscosity coefficient and
thermal diffusivity of the model melt, respectively.

The value AT was defined as the difference between
the temperatures of the lower (7y,,,) and upper (7,,)
melt layer surfaces with a height /4 (see Fig. 1). In
numerical simulation, it was assumed that the coeffi-
cient of volumetric thermal expansion and the kine-
matic coefficient of viscosity of the model melt were
1.5 x 10~ K~!'and 6.65 x 10~7 m?/s, respectively, and
the thermal conductivity A, heat capacity ¢, and den-
sity p were 20 W/(m K), 654 J/kg and 6500 kg/m3. The
specified thermophysical characteristics of the layer
corresponded to the properties of the steel melt during
an SA, when a stratified melt pool is formed [1, 6—14].

Also, when performing numerical simulation, it
was assumed that there is no internal heat release in
the layer under consideration. However, there are rea-
sons to believe that, under certain conditions of SA
flow, internal residual heat release can occur in the
upper layer of the metallic melt and reach 10% of the
total heat release in the corium melt [6], and this
should be taken into account in further study of such
systems.

The approach that was used when establishing
dependencies for Nu numbers on the side (4B) of the
layer surface was as follows. Based on the results of
numerical CFD modeling of the thermal state of the
melt layer in each of the experiments, the averaged val-
ues of the heat flux densities on the side (g;,,4,), lower
(Gponom)»> and upper (q,,) layer surfaces (see Fig. 1), as
well as the average temperature value (7)) of the
model medium in terms of the volume of the layer,
were determined. The averaged values of these param-
eters thus obtained were used in further analysis of the
internal heat-transfer coefficients between the melt
layer with temperature 7),, and its surfaces. For the
side surface OA layer, internal heat-transfer coefficient
(Olyg,,qn) Was calculated from the ratio

Osagwan = qsdwall/ (Thay = Tsarwan) 4

and used in determining the values of the Nusselt
number for the side surface of the layer

(%)

The values of the Nusselt number obtained by for-
mula (5) were the initial data for constructing func-
tional dependences for the number Nu on the side sur-
face of the model layer of the melt during statistical
analysis.

Nusdwall = Ocsdwallh/k'

Numerical simulation of the thermal state of the
model layer was performed at different values of the
temperature difference between the lower and side
surfaces of the layer and at different values of the tem-
perature difference between its lower and upper sur-
faces. The temperature difference varied in the range
from 1 to 300 K, which corresponds to the conditions
of a severe accident in a nuclear power plant [6—14]. In
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the numerical simulation of the thermal state of the melt
layer, we used the ANES CFD calculation code [38]
developed at the National Research University MPEI
and successfully used in the numerical simulation of a
wide range of heat-transfer problems in various fields
of technology and science. This code contains an
extensive library of mathematical models, including
turbulence models. The simulation of the process of
natural convection in the considered model layer of
the melt was carried out using the two-parameter tur-
bulence model of the type available in the code k—®
with the universal wall functions proposed by Menter.
In the simulation, an asymmetric structural grid of
finite volumes (FV) was used with thickening near the
boundary surfaces of the computational domain
according to the law of hyperbolic tangent.

To assess the sensitivity of the numerical solution to
the degree of discretization of the computational
domain (CD), preliminary calculations of the thermal
state of the model layer of the melt were performed
with varying the sampling rate both in the radial direc-
tion (V,) and in the thickness (/V,) of the layer (Fig. 2).
In each of the numerical experiments performed, the
error eps(Nuy, ,,,;) Was estimated determining the
number Nu on the lateral surface of the layer relative
to its base value obtained with a discretization rate of
CD equal to 350 and 330 along the radial coordinate of
the layer and along its thickness, respectively. Such a
sampling frequency for the “basic” variant was chosen
experimentally by increasing it step by step until the
difference in the values of the Nusselt number for the
lateral surface of the layer determined for two “neigh-
boring” (with different CD discretization) calculation
variants did not exceed 0.2%. As follows from the
results presented in Fig. 2 obtained for two values (175
and 250) of the FV discretization rate (NV,) over the
layer thickness and varying it along the radial coordi-
nate of the layer from 175 to 250, the relative error in
determining the number Nu for the lateral surface of
the layer did not exceed 4%. Subsequently, when per-
forming simulations in a series of numerical experi-
ments, a FV grid was used with CD discretization
parameters, which ensured a calculation error for the
number Nu on the side surface of the layer of no more
than 2%.

To substantiate the choice of the turbulence
model and the ANES calculation code as a computa-
tional tool in solving the problem under consider-
ation, this code was used to simulate several experi-
ments with mercury [25], the results of which were
used, in particular, in developing the well-known
relation (1). Figure 3 shows the approximation line /
experimental data in the form of the dependence of the
parameter Nu X Ra (by analogy with the figure in [25])
for the horizontal surface of the mercury layer heated
from below,

Nu x Ra = 0.051(Ra*?), (6)
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Fig. 2. Dependence of the relative error in determining the
Nusselt number on the lateral surface of the melt layer
eps(Nuy, 0 on the relative grid frequency (N,) FV by its
radial coordinate at the values of the grid frequency over
the layer thickness N, = 250 (1) and 175 (2).

Nu X Ra

10°

108

107

100

10° 10° 107 Ra

Fig. 3. Dependence Nu X Ra (/) on the Rayleigh number
for horizontal surfaces of a flat layer of mercury with
radius R heated from below [25] and the results of CFD
simulation (2, 3) using the ANES code for different
thicknesses (4/R) layer. (1) No x Ra = 0.051Ra*/>; H/R:
(2) 0.53, (3) 1.00.

as well as the results of numerical simulation (markers 2
and 3) of some experiments. The calculations were
performed using the ANES code and the selected two-
parameter turbulence model.

In Fig. 3, there is satisfactory agreement between
the approximation straight line obtained from the
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Fig. 4. Relationship between the values of the Nusselt
numbers for the lateral surface of the horizontal layer of the
melt determined by (8)—(10) (Nuy,,,,;) and obtained on
the basis of CFD modeling (Nuyy qi1_cFD)-

experimental data and the results of CFD modeling
for two thicknesses (4#/R) of the mercury layer. With
some tendency to increase, the difference between
them for values of the number Ra is less than 2 x 10°.

When constructing the functional dependence for
Nu on the side surface of the layer, the main problem
was to choose the most convenient and accurate func-
tional dependence that would not only allow taking
into account the temperature difference between the
lower and upper surfaces of the layer, as in well-known
formulas (1) and (2), but also an uneven temperature
distribution in its radial direction [6—8, 13, 28].

Therefore, in this work, as a functional dependence
for the Nu number on the lateral surface of the melt
layer, we considered a dependence of the form

Nu = ARa"D(T)F(h, R), (7)

where the first two terms are the free coefficient A and
the Rayleigh number Ra and correspond to the tradi-
tional notation of similar relations for the numbers
Nu, and the terms included in the additional factors
D(T) and F(h, R) reflect the temperature conditions at
the boundaries of the layer and its geometric charac-
teristics, respectively. In this case, the choice of spe-
cific expressions for such additional factors in (7) is a
separate and nontrivial problem for to be solved.

As a result of CFD modeling of several series of
experiments (at least 60) for the model layer in accor-
dance with the developed algorithms for their ghost-
ing, initial data were obtained that were used in subse-
quent analysis and statistical processing to find
unknown parameters in (7).
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SIMULATION RESULTS
AND THEIR DISCUSSION

To determine the specific type of dependence (7),
functional relations of different structure for the fac-
tors D(T) and F(h, R) were considered. As a result, the
choice was made on the following relation for the Nus-
selt number on the side surface of the melt layer:

Nu,,,., = 0.527Ra**D(T)F(h/R), (8)
where
D(T) — \/ T;)atl‘ _ 7—;-dwall : (9)
0'37(7;1(”1‘ - T;dwall) + 7(7—270tt - T;lp)
F(h/R) = exp[(h/R)"?]; (10)

the values of unknown parameters (exponents, coeffi-
cients) were determined on the basis of statistical pro-
cessing of the results of a series of numerical experi-
ments.

Influence of temperature conditions at the layer
boundaries, represented by the factor D(T) V (9), has
an essentially nonlinear character and depends both
on the temperature difference of the lower (7},,,,,) and
upper (7,,) of the horizontal surfaces of the layer and
on the difference in the average temperatures of the
lower (through which heat is supplied from the oxide
layer) and lateral (7, ,,;) surfaces of this layer.

Figure 4 shows the values of Nu,,,,; for lateral sur-
face AB (see Fig. 1) determined using relations (8)—(10)
(y-axis) and Nug,,,.;._crp obtained by numerical CFD
simulation (abscissa axis). It should be noted that the
temperatures on the layer surfaces, which were taken
as boundary conditions when performing numerical
CFD experiments, were used when calculating the
numbers Nu according to (8)—(10).

It follows from the data in Fig. 4 that, in almost the
entire range of Nu values (up to 700), there is a satis-
factory agreement between the results of CFD model-
ing and calculation using relations (8)—(10). This
indicates a fairly good predictive ability of the obtained
relations (8)—(10). The error (averaged over the entire
group of experiments) in determining the Nu number
for the lateral surface of the melt layer does not exceed
7% in the ranges of Rayleigh numbers from 10° to 1012
and Nusselt (up to 700).

Based on the main goal of this study, it is important
to evaluate the effect of boundary conditions on the
surfaces of a horizontal layer of a metal melt on the
heat-transfer parameters on its lateral surface on
which the thermal loads on a nuclear reactor container
under SA conditions largely depend.

Figure 5 shows the dependences of the Nusselt
numbers on the lower Rayleigh number (curve /) and
side (2, 3) surfaces of the metal layer of the melt (steel,
Pr=0.14) as well as Nu numbers calculated from rela-
tions (8)—(10) for different values of the temperature
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difference d7,, and dT,, surfaces of the considered
layer (4—11). Here, the parameter d7,,, = (Typpom — T,,,)
corresponds to the difference between the averaged
temperatures of the lower (7},,,,,) and upper (7,,) sur-
faces of the model layer, while the parameter d7,, =
(Tyorrom — Teawan) 18 the difference between the averaged
temperatures of its bottom and side (7, ,,,) surfaces.
Curve [ in this figure is constructed from depen-
dence (1) for the Nusselt numbers on the horizontal
surfaces of the layer under consideration [25], which is
used in fairly wide ranges of Prandtl numbers (from
0.02 to 8750) and Rayleigh numbers (up to 10°).
Curve 2 in Fig. 5 corresponds to dependence (2) and
curve 3 to the formula from [27]; the value obtained
from it is the average of two values calculated using the
known formulas for determining the Nu number on
the side surface of the melt layer:

Nu = 0.5(0.6Ra"" +0.0923Ra"*"). (11)

This choice of the structure of formula (11) is due
to the fact that there are no sufficiently reliable and
verified experimental data for the Nu number for the
side surface of the horizontal layer of the melt.

In Fig. 5, markers 4— 6 signify the calculated data cor-
responding to the cases of equality of the average tem-
peratures of the surfaces of the melt layer (d7,, = dT,). It
should be noted that there is good agreement between
the Nu numbers calculated from relations (8)—(10) for
the lateral (vertical) surface of the considered layer
(markers 4—6), and the results obtained by formula (1)
(curve 7) and the Nu values for the horizontal (bottom
and upper) surfaces of this layer. Moreover, the values
of d7,, and dT,, do not have a significant effect on the
degree of deviation of the Nu values calculated by (8)—
(10) from those determined using (1); an increase in
the absolute values of d7,,and d7,, (from 5 to 250 K)
leads only to an increase in the Rayleigh number and,
as a consequence, to an increase in the Nu number.
When comparing the values of the Nusselt number
for the surfaces of the melt layer, it becomes clear that
the number Nu for the side surface of the layer (curve 2
in Fig. 5) exceeds the values for the lower surface
(curve 1) over the entire range of the Ra number by
20—30% on average.

Significant discrepancies in the values of the Nu
number determined by formulas (8)—(10) and “basic”
relations (1) and (2) are observed when the values of
the parameters d7,, and dT,, differ (curves 7—11 in
Fig. 5). Moreover, with an increase in the difference
between the values of d7,, and dT,,, there is a signifi-
cant (many times!) increase in the Nu number com-
pared to its “basic” values (curve 2) obtained by (2) for
the side surface of the layer. For example, with Ra =
10°, the number Nu determined using (2) (curve 2) does
not exceed 100. When d7,,=5 Kand d7,,= 250 K, Nu
is 350 (curve 7), which is more than 3.5 times higher
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Fig. 5. Dependence of the Nusselt number Nug, ,,,, on the
Rayleigh number Ra on the (/) bottom and (2—11) side
surfaces of the metal layer of the melt at different values of
temperature differences d7, ups d7,,, and Pr=0.14. Depen-
dence: (1) 1; (2) 2; (3) 115 (4) dT,,, =5 K, dT,, = 5 K;

(5)dT,,=50K,dT,,=50K: (6)dT,, =250 K, dT,,= 250 K;
7 dTw,—SK dT, =250 K; (8)df =5K,dT,=150K:
(9)dT,, =50 K, dT, = 250 K; (10) dT, —50K dT,, =

150 K; (]I)dT =150K, dT,, —250K

than the “basic” value. In the design case, for d7,, =
50 Kand d7,,= 250 K, Nu does not exceed 150 (curve 9,
in Fig. 5), which is 1.5 times greater than the “basic”
value of Nu at Ra = 10°.

As the Ra number increases, the difference
between the “basic” values (curve 2) number Nu and
similar values determined by relations (8)—(10) tends
to increase (see Fig. 5). A significant increase in the
Nu number on the side surface of the melt layer
during an SA is critical with respect to thermal loads
on the reactor vessel and maintaining its integrity
during an SA.

It should also be noted that, with decreasing differ-
ence between the values of the parameters d7,, and
dT,, the difference between the numbers Nu deter-
mined by relations (8)—(10) and using (1) decreases
(curve [ in Fig. 5). Curve I and formula (1) corre-
sponding to it are “asymptotes” for dependences (8)—
(10) as the difference between the values of 7,,,and d 7,
decreases. This phenomenon was discussed earlier and
is related to the features of the experiments in [25] and
the experimental data obtained on the basis of which
relation (1) for the number Nu was derived.

‘When comparing calculated values (curves 4— /1 in
Fig. 5) of numbers Nu with the results obtained using
(11) (curve 3), it was noted that the use of such an



1026

Nusdwa[l

RN
[ONY

600

400

200

10°

0 L1 vl Lol Lo
106 107 1010 10! Ra

Fig. 6. Comparison of the values of the Nusselt number
Nuy, ., 0on the side surface of the layer determined using
relations (1) (/) and (8)—(10) (2—4), with CFD simula-
tion results (markers 5, 6) at different values of the num-
ber Ra and temperature differences d7,,,, d7,,, Pr = 0. 14
(2)dT,,=150 K, dT,, = 250 K; (3)dT’0 —SOK a7, =
250K(4)du 5KdT—250K(5)CFDdTp
d7,, = 5-250'K; (6) CFD: dT,, = 5 K, dT,, = 250'K;
(7)CFD:d » = 0K, dT,, —2PSOK (8)CFD dT,
150K, dT, = 550 K.

“averaged” formula [27] to determine the number Nu
on the side surface of the layer during an SA is not jus-
tified and leads to a significant underestimation of the
values of Nu and the thermal loads acting on the
nuclear reactor container from the metal layer of the
melt under emergency conditions.

For comparison, the results of calculating the
number Nu on the lateral surface of the layer accord-
ing to relations (8)—(10) and (1) (for horizontal sur-
faces of the layer) and the data of CFD modeling using
the ANES code of the thermal state of the melt layer
(see Fig. 1) for calculated cases are shown in Fig. 6.
Choice of ratio (1) (curve /in Fig. 6) to calculate the val-
ues of the Nu number on the horizontal surfaces of the
layer is solely due to the convenience when comparing
the results: relation (1) and the corresponding curve 1,
as mentioned earlier, are the “asymptote” for depen-
dences (8)—(10) when the temperatures of the upper
and side surfaces of the layer are equal (d7,, = dT,),
which can be regarded as a limiting case.

Figure 6 also shows the results of CFD modeling
(markers 5 and 6) using the ANES code of the calcu-
lated cases for different sizes of the model layer and
values of the parameters d7,, and d7,, characterizing
the temperature conditions at the layer boundaries.

LOKTIONOV

The values of the number Nu determined on the
basis of numerical simulation at equal temperatures of
the upper and side surfaces (d7,, = dT,,) layer (mark-
ers 5 in Fig. 6) quite well coincide with the values of
the Nusselt number calculated by relation (1) in the
range of Rayleigh numbers from 107 up to 5 x 10!
There is also a fairly good agreement between the
Nu numbers determined from relations (8)—(10)
(curves 2—4 in Fig. 6) and the results of CFD model-
ing (markers 6) for different values of the parameters
d7,,and dT,. Markers 6 correspond to calculated data
and curves 2—4atd7,, =250 KanddT,,= 150, 60, and
5 K, respectively.

The results in Fig. 6 allow us to conclude that the
developed modified relation (8) has a good predictive
ability for estimating the value of the Nusselt number
on the side surface of the melt layer heated from below
and the presence of an uneven radial temperature dis-
tribution in the melt in the considered range of
Rayleigh numbers.

To verify the obtained modified relation (8) and the
possibility of its use for estimating the number Nu on
the side surface of the layer and analyzing the heat-
transfer conditions in the stratified melt pool during
an SA, it is extremely important to conduct experi-
mental studies using model materials and under
boundary conditions corresponding to the state of SA
progression in a nuclear power plant.

It should also be noted that, in order to use rela-
tions (1) and (2) and similar ones [1, 3—5, 20—27] to
estimate the Nu numbers on the boundary surfaces of
the corium melt bath during an SA, additional in-
depth analysis is required. The need for such an anal-
ysis is explained by the fact that many of these ratios for
estimating the values of the Nu number at the boundar-
ies of the melt pool were obtained on the basis of exper-
imental data and under experimental conditions that
differ significantly from the conditions of the SA flow,
which can lead to significant errors and errors in assess-
ment of thermal loads on the reactor container and, as
a result, the impossibility of implementing the concept
of in-container containment of the corium melt in an
emergency in a nuclear power plant.

CONCLUSIONS

(1) The modified relation for determining the Nus-
selt number on the lateral surface of a horizontal layer
of a metal melt makes it possible to take into account
the radial nonuniformity of the temperature distribu-
tion in the layer. The modified ratio, in comparison
with similar known formulas, includes additional fac-
tors that take into account both the temperatures of
the lower, lateral, and upper boundaries of the melt
layer and its geometric (aspect number) characteris-
tics. Parametric analysis performed using the modi-
fied ratio for the Nu number, as well as comparison
with the results of numerical CFD modeling, revealed
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good accuracy (the average error does not exceed 7%)
and the predictive ability of the obtained ratio for the
Nu number in a wide range of Rayleigh numbers (from
10° to 10'2) and Nusselt (up to 700).

(2) When carrying out parametric analysis, a sig-
nificant effect of the difference between the averaged
temperatures of the upper and side surfaces of the melt
layer on the Nusselt number for the side surface of the
layer and, as a result, on the thermal loads acting from
the melt on the reactor pressure container during a
severe accident was established. An increase in the dif-
ference between the averaged temperatures of the
upper and side surfaces of the layer leads to a signifi-
cant increase in the Nusselt number and thermal loads
acting on the side surface of the melt layer heated
along its lower surface.

(3) When using the known relations for estimating
the number Nu in the case of a radial nonuniformity of
the temperature distribution in the liquid/melt layer
heated along its lower surface, the values of the Nu
number turn out to be significantly underestimated.
This situation is critical in many cases, for example,
when assessing the thermal loads on a nuclear reactor
container during severe accidents.

(4) To confirm the performance of the developed
modified ratio for the number Nu on the side surface of
the horizontal layer of the melt liquid and the results
obtained, it is necessary to set up and conduct addi-
tional experimental studies with prototype melts/model
media under conditions close to those during severe
accidents in nuclear power plants.
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