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ASSESSMENT OF THE MOLTEN POOL INITIAL STATE DURING DEGRADATION OF THE
REACTOR CORE WITH HORIZONTAL FUEL ASSEMBLIES ARRANGEMENT

The paper examines the first approximation in the assessment of the corium initial state in the lower plenum during the in-vessel phase late
stage of severe accident of a promising small modular reactor of the ESS-SMART project [1]. The features of the presented analysis are
related to both the initial supercritical state of the coolant and the horizontal layout of the core in the form of a system of parallel fuel assem-
blies with a seven-level coolant inlet system [2]. Existing industry computational system tools are limited in representing the original geo-
metric configuration of the reactor flow path, and in particular the reactor core. Moreover, significant difficulties still arise taking into ac-
count the pressure decreasing from a supercritical state to a two-phase state, which seriously limits the performance of estimates using the
analytical tool only. In this work, the main principles of sequential equivalent approximation are considered, which allow for a notable sim-
plification of the analysis by isolating stages where only one phenomenon is dominant. For example, the evaluation of decompression pa-
rameters and impact loads is the first stage, while the immediate reactor core degradation and the formation of the core molten materials pool
is the second one. The third stage is a detailed assessment of the reactor vessel degradation. In this work, attention is focused on the second
stage. For this, a fast run model was prepared in the MELCOR 1.8.6 integral code with an equivalent approximation in mass fractions of the
“"components" in the reactor core flow part. In addition, the conceptual design of the lower plenum of the SCW-SMR reactor is similar to that
of typical PWR reactors. The results of the design scenarios made it possible to form a general picture of the reactor core degradation pro-
gression at the early phase of a severe accident for the selected initial conditions, as well as to evaluate the characteristics of the accumulated
melt in the lower plenum at the late phase of in-vessel severe accident stage. The obtained results are an input set for further evaluation of
reactor vessel degradation.
Key words: severe accident, supercritical parameters, core degradation, corium, horizontal fuel assembly, ECC-SMART.

B. B. ®I/IOHOB, /1. O. ®E/IOPOB
OIITHKA ITIOYATKOBOI'O CTAHY BACEWHY PO3ILITABY ITPU JETPAJAIIII AKTUBHOI 3
IrOPU30OHTAJBHUM POSMIIIEHHAM TB3

B po6oTi po3risiHyTO nepiie HaOIMKeHHS B OLIHIN OYaTKOBOTO CTaHy KOpPiyMy B HIDKHIM KaMepi 3MilllyBaHHS ITiJ{ 4ac Mi3HBOI cTafil Baxk-
KOi aBapii MEePCIeKTHBHOrO Majaoro MoayibHoro peakropa npoekty ECC-SMART [1]. Oco6auBocTi HaBeAGHOrO aHawi3y MOB’s3aHi 5K 3
[OYAaTKOBUM HA/IKPUTUYHUM CTAHOM TEILUIOHOCIS, TaK i 3 TOPU3OHTAIBHOI KOMIIOHOBKOIO aKTHBHOI 30HH y BUIVIAAI CHCTEMHM HapaselbHUX
TEIJIOBUIUIAIOYMX 30ipOK i3 CEMUPIBHEBOIO CHCTEMOIO 3aXOJ]y TeIUIoHOCis [2]. IcHyroui ramy3eBi po3paxyHKOBI CUCTEMHI IHCTPYMEHTH €
00MEXEHHMH B MPEICTABJICHI OPUTIHAIBHOI TeOMETPUYHOI KOHOIrypalil MPOTOYHOI YaCTHHH PEakTopa, Ta 30KpeMa akTHBHOI 30HH. JI0 Toro
K J0CI BUHHKAIOTh CYTTEBI CKIAJHOCTI 13 BpaxyBaHHSAM JEKOMIPECii i3 HAAKPHTHYHOTO CTaHy B ABOGA3HHA, [0 CYTTEBO OOMEKYE BUKO-
HaHHS OLIIHOK 3aCTOCOBYIOUH OJMH aHAJIITUYHUH IHCTpyMeHTapiil. B naHiil po6GoTi po3risiHyTi OCHOBHI IPHHIIUITH OCIIJOBHOTO €KBiBaJICH-
THOTO HAaOJMKEHHS, 110 JIO3BOJISE CYTTEBO CIPOCTUTH aHAJI3 3a PaXyHOK BHOKPEMIICHHS CTajiif, B SKMX JJOMIHAHTHNM € JINIIE OfIMH (eHo-
MeH. Hanpuknaz ominka mapaMerpiB JEKOMIIPECii 1 yIapHUX HaBaHTA)XEHb € MEPIIMM eTanoM, Oe3rmocepeiHs Aerpaaarisi akTUBHOT 30HH Ta
(dopmyBaHHs OaceiiHy po3miaBy — npyruid eram. Tpertiit eram — Ie feTanbHa OIiHKa Aerpajamii Kopiycy peakropa. B mawiit po6oti yBara
aKIEHTYEThCS caMe Ha ipyroMy erami. [l mporo Oyiia miroToBiieHa MBH/KA po3paxyHkoBa Mojenb B makeri MELCOR 1.8.6 3 exBiBanen-
THUM HaOJMKEHHSM 10 MAaCOBHM JIOJSIM «KOMIIOHEHTIB» B MPOTOYHIN yacTuHi. KpiM TOro, KOHIENTyanbHa KOHCTPYKIlish HUWKHBOI KaMepu
3minryBaHHs peakTopa SCW-SMR nonibua 1o Tumnooi Ha peaktopax PWR. Pesynpratn po3paxyHKOBHX CLEHApiiB JO3BOIMIN CHOPMyBaTH
3aranbHy KapTHHY nepebiry merpamanii akTHBHOI 30HH peakTopa Ha paHHii dasi Baxkoi aBapii Juist 0OpaHHX MOYaTKOBHX yMOB, a TAKOX
OLIIHUTH XapaKTePUCTUKN HAKOIMMYEHOTO PO3IUIABY B HIXKHIM Kamepi 3MilllyBaHHs Ha Mi3HiH (a3i BHyTpilIHBOKOPIYCHOI ctail. Otpumani
pe3yIbTaTH € BXiJIHUM HaOOPOM IS MOJIaNbINOl ONIHKH JAeTpajalii KOpITycy peakTopa.
Kurodosi cioBa: Bakka aBapist, HAAKPUTHYHI ITapaMeTpH, JIerpaJiallis akTHBHOI 30HH, KopiyM, ropusonTanshi TB3, ECC-SMART.

Introduction

The applications of a coolant with supercritical
parameters have significant advantages over other
concepts of reactor units of the IV generation [1] — [3].
Firstly, a significant decrease of coolant flow through
reactor due to the use of a pseudo-phase transition, in
which the coolant temperature practically does not
change during the supply of thermal energy [4]. From
a design point of view, this means a weighty reduction
in the metal capacity of the reactor coolant circulation
system primarily due to pumps and heat exchange
equipment. Secondly, a significant increase in the av-
erage temperature of the coolant (~400 °C — 450 °C)
leads to a more efficient production of electricity [5].

The specificity of the supercritical (SC) state of
the coolant, is immensely decreasing of moderation

properties of the medium, that requires a partial sepa-
ration of the flow in the fuel assemblies (FA), which
actually, the formation of a parallel channels system
[6]. To improve the conditions for neutron leakage
beyond the conditional limits of FAs, it is advisable to
use so-called fuel assembly’s boxes, which also con-
tributes to better neutron thermalization. Despite the
accumulated experience of PWR and BWR reactors
and the inherent pragmatism of nuclear energy indus-
try, the vertical arrangement of fuel elements is not the
best option. This is primarily because of the heat
transfer deterioration phenomena [7] (experimentally
confirmed during the upward and downward of the
coolant flow) and experimentally confirmed instability
of parallel channels system of the super critical pa-
rameters during the incremental increasing of thermal
power [8]. That is why the ESS-SMART [2] reactor
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concept proposes a horizontal arrangement of FAs
with a rather significant complication of the reactor
flow part.

From the perspective of justifying the neutronic
reliability of such a solution, no significant problems
arise [9] and by optimizing the FA cross section it is
possible to obtain compromise parameters for initial
enrichment, energy release uniformity and fuel burnup
depth [10]. The system of passages in the reactor core,
as well as partial mixing of the coolant, helps to align
the flow and, according to the designers, helps to re-
duce the progression factors of critical thermophysical
phenomena.

Such structural solutions lead to a significant
complication of the reactor flow part, which becomes
critical in terms of dynamic loads. For example, for
VVER-1000 reactors, the initial decompression dy-
namics at maximum design basis accident [11] does
not cause to the FA and in-vessel internals damage.
Similar assessments (reactor cooling system cold pipe
guillotine rupture) for ECC-SMART [12] show the
presence of critical loads in the first 0.1 second of
decompression on FA boxes, which is likely to lead to
the reactor core geometry failure (the load on the in-
vessel internal elements exceeds 1000 MPa [12]).
From the point of view of the water-water reactors
development, this is a non-typical situation where the
LB LOCA for the next generation is more crucial than
for the previous one.

Before distinguishing the critical components of
the concept, it is logical to assess the integrity margin
of the reactor vessel from the point of view of thermal
degradation during a severe accident [SA]. Unusual
for this type of evaluations are two key factors: the
supercritical initial state of the coolant, and the hori-
zontal arrangement of fuel assemblies. The difficulty
here lies in the application of specialized codes such
as MELCOR, ATHLET-CD [13] or
RELAP5/SCDAP. Each of them has its own charac-
teristics, which are either related to the possibility of
predicting decompression from a supercritical state, or
have geometric limitations (the vertical arrangement
of the FA only). Given the existing variety of SA
codes, the features of the spatial representation of the
in-vessel internals and reactor core with a horizontal
FA arrangement are taken into account only on the
MAAP based code [14], developed for Canadian
heavy water reactors CANDU.

Based on the description from Sandia National
Laboratories [15], certain capabilities for representing
horizontal fuel channels are also provided by the
MELCOR code family. However, an analysis of user
functions and the documentation of more modern code

versions has shown that such capabilities are not im-
plemented.

Thus, the assessment of the in-vessel phase se-
vere accident for supercritical water reactor requires
unconventional approaches in order to use existing
tools and the experience of their application.

The aim and objectives of the study

The main objective of this work is to evaluate the
state parameters of corium in the reactor lower plenum
(thermal and material states) of a prospective 1V gen
supercritical coolant small modular reactor. Consider-
ing the features of the ECC-SMART concept (SC,
horizontal arrangement of fuel assemblies), applying
well-known specialized tools like MELCOR code in
the literal sense is incorrect due to geometric and
physical limitations. Therefore, some simplifying
principles have been formulated in the work, which
allow for preliminary assessments to be made. In gen-
eral, the main objective is to assess the integrity of the
reactor vessel depending on the external cooling con-
ditions, which will be addressed in further studies.

1. The principle of sequential
equivalent approximation

The assessment of the reactor core degradation
parameters during SA, which is performed in a hori-
zontal approximation, is quite atypical, as most nucle-
ar reactor core designs have vertical arrangement.
Since specialized codes have a rather rigid abstraction
of processes both in terms of geometric configuration
and empirical information, their application is quite
limited, for example, compared to universal computa-
tional fluid dynamics codes.

Also, the presence of an initial supercritical state
is a feature, which is distributed in a certain way
throughout the volume of the core, since the inlet tem-
perature is subcritical (280 °C), and outlet is super-
critical (~500 °C). The reference pressure in this case
is 25 MPa. The analysis of the phenomenology of di-
rect impact on the reactor core degradation under su-
percritical parameters and the horizontal arrangement
of fuel rods showed that there are no fundamental dif-
ferences compared to a subcritical reactor. This allows
to some extent the simplification of the analysis by
introducing sequential steps, the results of each of
which serve as the input set (initial state for the next
one).

Thus, the basic scheme of the analysis (the main
goal of which is to simplify and harmonize approaches
with different types of codes) is shown in Fig. 1.
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Fig. 1 — Principal scheme for analyzing the SA in-vessel phase
for the reactor with supercritical coolant parameters

In fact, Stage 1 considers decompression [12]
and evaluates impact loads on the structural elements
of reactor core, which allows for the formation of an
initial state for Stage 2, which is already subcritical
and can be applied in MELCOR. Moreover, at Stage
1, it is possible to determine whether the design ge-
ometry is maintained, meaning if the critical failures
and potential changes in the flow part configuration
occur during the initial dynamics. All evaluations are
conducted in a three-dimensional setting, taking into
account the features of the flow part [11, 12].

The second stage (Stage 2) involves the assess-
ment of the parameters (material and thermal-
physical) of the molten pool, that is the input set for
Stage 3, based on which the final conclusions regard-
ing the "success" of the concept from the perspective
of the flow part design will be formulated.

Let's consider in more detail the features of cal-
culating the main parameters of the molten pool in a
prospective reactor. It is worth noting that the total
operational time before potential reactor vessel failure
consists of the characteristic duration at each stage.
From the perspective of the integral duration of the
transient mode, Stage 1 can be disregarded, as the
characteristic time of the initial dynamics does not
exceed 10 seconds, and the stabilization of the param-
eters observed in the flow section is determined by the
critical flow and is close to the saturation parameters
at the inlet temperature (if the break of the cold part of
the circulation loop is considered) [16].

2. Equivalent horizontal core model

The concept of a promising small modular reac-
tor [2] was proposed by Professors Schulenberg and
Otic from the Karlsruhe Institute of Technology. It is
based on the concept of a high-efficiency large-power
reactor [17]. Essentially, this is a low-power water-
water reactor with an original (non-conventional core
design) in the form of a system of parallel horizontal
heat generation channels with boxed fuel assemblies,
which are arranged horizontally and grouped by lev-

els. Thus, seven riser passages are formed, between
which the coolant is mixed, primarily to ensure uni-
form temperature at the entrance of each fuel assem-
bly at the next level (Fig. 2). It is believed that such a
configuration of the core allows avoiding two im-
portant phenomena: deteriorated heat transfer from the
surface of the fuel assembly and unstable operation of
the parallel channel system during changes in thermal
power. One of the defining features is that the lower
plenum (LP) of the SCW-SMR concept is similar to
PWR-type reactors with one fundamental difference.
There are no support structures there in the ECC-
SMART concept, meaning that the specific mass of
steel per geometric unit volume of lower plenum is
significantly lower, which, in terms of thermal capaci-
ty (and thus the action front on the vessel), determines
the time reserve component.

The equivalent representation by the MELCOR
code of the real internal reactor core modeling area is
based on the concept of an axisymmetric cylinder with
individual characteristics and balance ratios and predi-
cate conditions for each elementary cell. Conditional
sampling into elementary control volumes (cells) oc-
curs by dividing into concentric radial rings and axial
levels in height. Thus, from the point of view of the
development of a severe accident in the postulated
state of the drained core, the assessment is based on an
equivalent approximation of the mass distribution.

The radial division is chosen to be the maximum
possible (9 conditional rings), and to consider the de-
sign of the fuel assembly boxes, a BWR-type reactor
option is used. Therefore, the internal volume of the
SCW-SMR reactor vessel, including the upper and
lower parts, reactor core and the peripheral area of the
downcomer, is divided into 30 axial segments in
height and 9 rings in the radial direction. The first 8
rings are designated for the reactor core region. The
core internal side panels, as well as other external steel
structures and elements, are defined by boundary heat
structures. The nodalization scheme of the volumetric
space of the reactor core, included in the modeling
area, is presented in (Fig. 3).
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a b c

Fig. 2 — General view of the SCW-SMR concept:
a — the axis of section along the nozzles of the coolant inlet of the subcritical temperature;
b — the reactor core; ¢ — along the outlet nozzles

Steel boundary I
structures S ;_ I | [
29 ,J—I—I—L
2 | | Upper plenum |
27 |
26 |

FA and 20
moderator 19
channel boxes

. 17 l
materials 16 Reactor
15 Core
13
O i
9
|
FA fuel rods

E]
| 7
| / 8
|| Lower l ) . —
num . [ ;
I plen ,//l ‘; I | Lower plenum |
Y 2 - |
P=" (I N A =
J— 1 2 3 4 5 6 7 8 g
I
Fig. 3— SCW SMR core MELCOR nodalization scheme
FA fuel rods (FU,CL) 1x20 FAs
6 (N l 1 1 1 0.1m
1 2 3 4 5 6 7 8

FA and moderator channel boxes materials (CN, SS)

GEOONEEEEEEEEEEEEEEEE
] e
¢ (NN $  0.1m

1 2 3 4 5 6 7 8
Fig. 4 — General approach to mass distribution of the main structural components

Bicuuk HanionansHoro texHiuHoro yaiBepcutery «XI1I». Cepisi: Enepeemuuni
ma menjomexuiuni npoyecu i ycmamxyeanns, Ne 2(18)°2024



ISSN 2078-774X (print), ISSN 2707-7543 (on-line)

Convection + radiation

Fig. 5 — Schematization of initial state from the point of view of LP
and reactor concrete cavity (gas-gas, liquid-liquid)

20
18
= 16
S 14 Oxidation heat
512 --Case1 - - Case?2
210
8_ 8 --Case3 --Case4d
E 6 —Decay heat
I 4
2 | L .
0 Jih-‘riw““!k—#ﬁ& ‘-f‘h\l-.ﬂ-.gua -\-J-Il‘uk. ____________

Time, s

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Fig. 6 — Reactor core heat energy sources

The volume of the LP is represented by the first
five axial segments. The latter consists of a "fictitious
lower support grid" of the reactor core in the part of
the large square opening for the coolant to flow into
the annular space. The reactor core, made up of a sys-
tem of parallel horizontal fuel assemblies, is evenly
divided into 20 levels (from the 6th to the 25th). The
height of one level is taken as 0.1 m for geometric
correspondence to one fuel assembly. The volume of
the upper plenum is distributed over the last 5 levels.
From the center to the periphery, the core is divided in
such a way that the mass characteristics of the struc-
tural elements of the fuel, the materials of the clad-
dings, and the FA boxes are distributed evenly in the
radial rings (Fig. 4).

To take into consideration the retaining capacity
of the FA boxes and to limit the movement of the melt
in the axial direction, their mass is considered by the
structural element of the "SS" type. Also, from an en-
gineering perspective, the space of the square opening
on the 5th axial level contains the mass of a "fictitious
support grid". This prevents the premature movement
of molten materials from the upper axial levels to the
lower plenum, although in general, this approach is

one of the parametric factors that determines the "ear-
ly" contact of the melt with the reactor vessel.

The heat release function is initially assumed to
be uniform throughout the core, which considers both
the core decay heat and energy of oxidation reactions.

3. Parametric analysis of the molten pool formation
in the lower plenum

As mentioned above, the initial event of the ac-
cident is postulated as the full diameter rupture of the
circulation circuit pipeline from the inlet nozzle side,
which causes rapid decompression and the emergence
of impact loads on the in-vessel internals, including
the elements of the reactor core. The stresses that oc-
cur in this case [12] can lead to a partial loss of load-
bearing capacity of the FA boxes.

The initial thermodynamic state of coolant in the
reactor vessel for the analysis of the early internal
phase of a severe accident is taken from the results
obtained in [12], which are presented in Table 1.
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Table 1 — Initial thermodynamic state of coolant

Parameter / Case # 1] 2 [ 3| 4
Initial decay heat power 18.6 MW
Reactor coolant pressure 6.4 MPa
Coolant temperature 280 °C
Initial LP coolant level - - 12.8m|28m
In-vessel melt retention sys-
tem water temperature | Jeocc| - {eoec
Reactor cavity pressure 0.1 MPa
Reactor cavity waterlevel || 3m | — | 3m

For the purpose of estimating the time reserve for
the formation of quasi-stationary parameters of the
melt pool, the influence of safety systems (core emer-
gency cooling system) is not considered. The nominal
thermal power is 290 MW, and the calculation is per-
formed taking into account a 10 second offset relative
to the start of the accident (the offset is determined by
Stage 1).

The assessment of the melt state, which forms in
the reactor core and moves into the LP, is evaluated
for the following initial conditions:

Case#1: the LP is "dried out”, without flooding
the reactor concrete cavity.

Case#2: the LP is "dried out", the reactor con-
crete cavity is flooded.

Case#3: the LP is filled up, without flooding the
reactor concrete cavity.

Case#4: the LP is filled up, the reactor concrete
cavity is flooded.

The term "dried out" refers to a state where the
amount of coolant in the LP is minimal, and the flow
part is in steam. An area is considered filled if a larger
portion of the coolant is in the liquid phase on the sat-
uration line within the reactor vessel at the moment of
initial dynamics (short-term stabilization of state pa-
rameters because of critical flow). Such modes are
chosen due to the design feature of the SCW-SMR
concept, which defines a complicated hydraulic
scheme for the flow part of the reactor core. Taking
into account the capabilities of MELCOR 1.8.6, this
makes the dynamics of degradation and the formation
of the molten pool somewhat uncertain. From the per-
spective of external boundary conditions, it is assumed
that the reactor concrete cavity is flooded to a level of
3 meters at the initial moment of the calculation time
(Stage 2) and is subsequently maintained (Fig. 5).

Additionally, a parametric analysis of the impact
of "additional" steel structural elements in the LP
(similar to support buckets in PWR) is performed for
the calculated options Case#1 and Case#4. Case#1 and
Case#4 are selected as those corresponding to the min-
imum and maximum time during which the transition
to quasi-stabilized parameters of the melt pool occurs,
with the core being almost completely degraded. So,
additional cases are considered where structural ele-

ments with an integral mass of 15 and 40 tons are pre-
sent in the LP, with the distribution being uniform
throughout the entire volume. It is also should be not-
ed that materials related to control rods are not taken
into account in the reactor core, as their type and de-
sign are still under development.

The simultaneous rapid boiling and irreversible
loss of coolant in the break leads to a fast drop in the
reactor core level and its early drying (all this occurs
still at Stage 1). The relatively high level of residual
heat at the initial stage of the accident process deter-
mines the heating and subsequent overheating of the
fuel. Against the backdrop of increasing temperatures
of the fuel rod cladding, the exothermic oxidation re-
action intensifies, accelerating the degradation pro-
cesses of the core and the onset of its melting. From
this point, the set of calculation scenarios can be di-
vided into two subgroups depending on the presence
of a liquid phase in the reactor. For the calculation
scenarios with the flooded LP, the initial sequence of
degradation of the reactor core is similar to the first
one, but the presence of water in the liquid phase sig-
nificantly affects the quantitative and temporal charac-
teristics of the late phase. The contribution to the total
energy release of exothermic oxidation reactions in-
creases almost doubles (Fig. 6).

The proportion of reacted zirconium and the pro-
portion of the liquid phase of this metal in the molten
pool are increasing. This leads to the generation of a
larger amount of hydrogen in the volume of the de-
graded core and an enthalpy-averaged increase in the
temperature of the gas environment. Fig. 7 presents
the main results for 4 basic cases, from which it is
evident that the presence of a liquid phase of the cool-
ant in the LP, as well as the intensification of heat
exchange from the outer surface of the reactor vessel
by flooding the concrete cavity, significantly increases
the duration of reaching quasi-stabilized parameters of
the molten pool. The presented simplified picture of
the degradation of the core (the process of melt for-
mation and its movement in the lower core) indicates
that in all cases, the formation of a stationary stratifi-
cation pattern is not observed until the conditions for
the failure of the reactor vessel bottom under mechan-
ical load are met (simple one-dimensional estimates).
It is worth noting the following here. In general, the
methods used in the MELCOR 1.8.6 code to assess
reactor vessel failure are somewhat simplified com-
pared to spatial assessments that take into account
thermal creep and direct melting of the vessel steel.
The "quality" of the correlations for external heat ex-
change during the boiling of the flooded cavity also
plays an important role. Thus, the straight failure of
the reactor vessel is not the focus of this work.

The parameters of the quasi-stationary thermal
state of the molten materials pool in the lower part of
reactor lower plenum, which are the initial conditions
for Stage 3, are presented in Table 2.
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Fig. 7 — Main results of the molten materials pool formation: a — Case#1; b — Case#2; ¢ — Case#3; d — Case#4

Table 2 — The parameters of the quasi-stationary thermal state
of the molten materials pool in the lower part of reactor lower plenum

Parameter Case#l Case#f2 Case#3 Case#t4
Reference time (for Stage 3 input data) 10000 s 12000 s 18000 s 20000 s
Total material mass in lower plenum 37363 kg 37375 kg 37230 kg 35459 kg
Oxidic melt fraction temperature 2400 K 2400 K 2100 K 2500 K
Metal melt fraction temperature 2100 K 2250 K 2100 K 2140 K
Ex-vessel heat transfer coefficient 10 W/(m?-K) | ~20 kW/(m?K) 10 (m>K)  |~20 kW/(m?-K)
Reacted Zirconium fraction 6.5 % 6.8 % 10.4 % 11.3%
Degraded core gas temperature 1200 K 1200 K 1700 K 1700 K
Reactor cavity temperature 726 K 373K 738 K 373K
Reactor vessel failure time? 10523 s 12527 s 18258 s 21083 s
Reactor vessel failure delay - +0.5h +2.1h +3.0 h
D by mechanical loading (1D mechanical model calculates the thermal and plastic strain)
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Fig. 8 — Main results of the molten materials pool formation during parametric changes
in the homogenized mass of steel in the LP: a, b — Case#1; c, d — Case#4

Fig. 8 shows the results of the parametric as-
sessment of the corium state with an increase in the
average portion of structural steel elements in the LP,
whose integral mass is 15 and 40 tons, for bounding
cases #1 and #4 respectively. It is expected that the
average time for the formation of the corium pool (al-
so the preliminary estimate of the containment failure
time) increases due to the need to dissipate some ener-
gy for heating and melting the additional amount of
steel. Generally, in the case of a "dry" LP, the decay
heat is mostly used for melting steel, while for a "wet"
configuration, a significant postponement of the reac-
tor failure time is observed.

The obtained results allow to formulate a series
of parametric initial states for a detailed examination
of the late phase of a severe accident, with an empha-
sis on analyzing the features of reactor vessel degrada-
tion depending on external cooling conditions. (Stage
3). Based on the combination of all conditional as-
sessment stages, it will be possible in the future to
draw conclusions regarding the applicability of one or
another severe accident management concept (the use
of passive external flooding systems or the use of core
catchers).

Conclusions

The analysis of severe accidents for prospective
SCW-SMR reactors is in general similar to that of

subcritical PWR/BWR reactors. At the same time, it is
important to understand some features related to the
influence of supercritical coolant state parameters on
the reactor core degradation progression. The greatest
difficulties in this case arise precisely from the per-
spective of the initial decompression dynamics, taking
into account the transition to a two-phase (water-
steam) state. Not all "classical” severe accident codes
are capable of taking into account the initial super-
critical state of the coolant, as well as the geometric
arrangement of the fuel assembly (horizontal place-
ment). All this requires certain approaches that allow
for the consideration of the specifics of the prospec-
tive reactor core using the available specialized tools.
This work examines exact such method, which is
based on the concept of sequential equivalent steps
characterized by the most dominant processes occur-
ring in transient. In general, three stages are proposed,
the first (Stage 1) that is independent of the others. In
fact, Stage 1 only considers decompression and evalu-
ates the impact loads on the structural elements of the
reactor core, which allows for the formation of the
initial condition for Stage 2, that is already subcritical
and on which this work is focused. The second stage
(Stage 2) involves the assessment of the parameters
(material and thermal-physical) of the molten materi-
als pool, that serves as the input set for Stage 3, based
on which the final conclusions regarding the "success"
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of the concept in terms of the flow part design will be
formulated.

A fast run model of the SCW-SMR ECC-
SMART reactor core was prepared. The results of the
computational scenarios allowed to take a general
picture of the degradation of the reactor core an early
stage under various initial conditions, as well as the
assessment of the characteristics of the accumulated
melt in the lower plenum at a late stage. Evaluation of
the main parameters of the molten pool were carried
out in terms of both material and thermal-physical
states, including for different amounts of steel (for
example, in the form of support elements) in the lower
plenum of the reactor, which turned out to be one of
the important factors affecting the further degradation
of the reactor vessel. Significant limits of the mini-
mum operational time reserve have been obtained,
ranging from 3 to 20 hours depending on the condi-
tions of external cooling and the initial state of the LP.
In addition, the more structural elements there are in
the lower part of the reactor, the better it is for the
initial stage of the internal phase, which must be taken
into account at the pre-conceptual design.

This work is a preliminary stage for the paramet-
ric assessment of reactor vessel failure due to wall
melting and steel property degradation, depending on
external cooling conditions and the initial configura-
tion of the corium in the lower plenum. This will pro-
vide the first clarifying data for the stage of direct de-
velopment of the project of a small modular reactor
with supercritical parameters, in terms of resistance to
hypothetical severe accidents.
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