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Progress of IVMR Investigations in WWER1000 Reactor Type with ASTECv2.1.1.3
Computer Code
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Abstract. It has been investigated the In-Vessel Melt Retention (IVMR) strategy with external vessel water cooling after the
initiation of Large Break LOCA (2 x 850 mm) simultaneously with full station blackout (SBO) at WWER-1000 reactor. The
reference nuclear power plant for this analysis is Units 5 and 6 of the Kozloduy NPP.

Two calculations have been done with ASTECv2.1.1.3 computer code:

In the first calculation ICARE and CESAR modules of ASTECv2.1.1.3 computer code have been used in a coupled mode. The
calculation starts at 4910 s. after the initiation of LBLOCA and SBO. At this moment a large amount of molten corium is
poured in the lower vessel bottom head. In this calculation just the vessel bottom head was modelled without water and
without internals. The external water cooling is initiated also at 4910 s.

The second calculation is integral plant simulation of LBLOCA simultaneously with SBO. The modules "CESAR’, "ICARE’,
’SOPHAEROS’ and *’CPA’ from ASTECv2.1.1.3 computer code have been used in the calculation. LBLOCA and SBO are initiated
at 0 s. The external water cooling is initiated at 1025 s. This is the time of the first material and fission products (FP) slump
in the lower head vessel.

The investigations discussed the maximal values of the internal and the external heat fluxes inside and outside the vessel

bottom head for the different segments and other major parameters.
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1 Introduction

This work was performed within the frames of the EU
HORIZON 2020 project “In-Vessel Melt Retention Severe
Accident Management Strategy for Existing and Future
NPPs”, IVMR - Grant Agreement 662157. This study inves-
tigates the applicability of in-vessel melt retention (IVMR)
strategy with external vessel water cooling as a severe ac-
cident management strategy for WWER1000 reactor types.

ASTEC (Accident Source Term Evaluation Code) code was
developed by the French Institut de Radioprotection et
de Stireté Nucléaire (IRSN) and the German Gesellschaft
fiir Anlagen und Reaktorsicherheit (GRS) gGmbH from the
late 1990s. Now the code is developed and maintained by
IRSN [1-3,9,10].

The initiated severe accident (SA) transient chosen as the
most challenging for this type of reactor and the IVMR
strategy with external water cooling is a LBLOCA (double
ended guillotine break of the cold leg: 2 x 850 mm) simul-
taneously with SBO at WWER1000 reactor design [4-6,11].
In this scenario, the accident evolution is the fastest and
the decay heat of the molten corium is the highest.

Two calculations have been done with ASTECv2.1.1.3 se-
vere accident computer code which was distributed and
maintained by the French Institut de Radioprotection et
de Suireté Nucléaire (IRSN).
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In the first simplified calculation ICARE and CESAR mod-
ules of ASTECv2.1.1.3 computer code have been used in
a coupled mode. The calculation continues the inves-
tigations done with the previous versions of the ASTEC
code. The calculation starts at 4910 s. after the initia-
tion of LBLOCA and SBO. At this moment a large amount
of molten corium (approximately 190 t with temperature
of 2500 K) is poured in the lower vessel bottom head due
to core barrel failure. The external water cooling with wa-
ter temperature outside the vessel 60°C is initiated also at
4910 s. The molten corium inside the vessel bottom con-
sists of UO9, ZrOo9, Zr and Stainless Steel [4-8]. The de-
cay heat evolution during the transient is extracted from
is integral plant LBLOCA plus SBO simulation done with
previous ASTECv2.0 version [4-8]. In order to account the
release of volatile fission products the table of the decay
heat was reduced by 20%. In this calculation just the vessel
bottom head was modelled (without water and without in-
ternals). The elliptical bottom of the vessel was modelled
in accordance with the reactors sited at Kozloduy NPP. The
vessel bottom head was discretized in the model in 20 ra-
dial rings and 21 axial segments.

The second calculation is integral plant simulation of
LBLOCA simultaneously with SBO with ASTECv2.1.1.3.
The modules ’CESAR’, ’ICARE’, ’SOPHAEROS’ and ’CPA’
from ASTECv2.1.1.3 computer code have been used in the
calculation. LBLOCA and SBO are initiated at 0 s. The ex-
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ternal water cooling with water 60°C is initiated at 1025 s.
This is the time of the first material and fission products
(FP) slump in the lower head vessel. The vessel bottom
head was divided in 20 radial rings and 21 axial segments
as in the first calculation. It was assumed that only the
passive safety systems, four hydro-accumulator tanks, are
available. The double-ended guillotine break is modelled
to be at the loop with the pressirizer (PRZ).

For every simulation, the maximum values of the inter-
nal and the external heat fluxes for the different segments
were extracted. The maximum values of the heat fluxes are
used for preparation of a diagram for comparison of the
internal and external maximum heat flux loading for the
investigated cases. Other important parameters are also
discussed in this investigation.

2 The ASTECv2.1.1.3 Input Model for the Simpli-
fied Calculation

In the first calculation two ASTECv2.1.1.3 modules, CESAR
and ICARE in the coupled mode represent the processes af-
ter corium pouring in the reactor vessel bottom head. The
CESAR module represent the thermo-hydraulics in the re-
actor vessel. Reactor vessel is modelled as one single chan-
nel (CHAN1). The channel is represented without water
(x_alpha = 1.0) and without internals. Also the water level
is assumed to be zero (zwatl = 0.0). The ICARE module
computes the thermochemical phase separation and strat-
ification of the pool. ICARE also represent melting of the
lower head vessel.

The initial and boundary conditions are modelled using
the structure CONNECTY. External water cooling of the
lower head vessel is represented in the model by defining
of heat transfer coefficient (10 kW.m~2.K~!) and outside
water temperature 60°C. The outside pressure is assumed
to be 1.5 bars.

Heat transfer on outer reactor surface and radiation from
upper pool surface was modelled as boundary conditions.
Radiative heat transfer from upper corium layer was con-
sidered assuming the temperature of upper vessel struc-
tures that have not been relocated yet (boundary condition
Thiate = 1500 K).

The RPV wall thickness was assumed 25 cm. It has been
accepted the following criteria for vessel failure:

e 'TEMPERAT’ - defining the maximum temperature
for rupture Ty,.x = 1200°C;

e "MECHANIC’ - defining the maximum mechanical
stress;

e 'FUSION’ - defining the maximum molten fraction;

e ’COMBESCU’ - it is a combescure rupture model, ac-
counting the plasticity and creep;

The calculation starts at 4910 s when a corium with a cer-
tain composition and initial temperature 2500 K is poured
in the lower bottom head of the vessel. The composition
of the corium is presented at the Table 1. The corium is
composed by UOs, ZrOs, Zr and Stainless Steel.
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Table 1. . Initial corium composition [4-8]

Material Mass, t Source
U032 85.9 CORE
Zr 15.6 CORE
ZrOs 17.1 CORE
34.4 CORE
12.2 melted elliptical part of barrel
STEEL 9.0 melted cylindrical part of barrel
12.3 fuel assembly-supports
1.94 support grid

Phase separation model is activated in the input model
(SEPA_ACT = 1). Due to phase separation the corium
stratifies into two layers: heavier oxidic layer at the bot-
tom and lighter metallic layer at the top.

The RPV lower plenum was subdivided into 21 segments in
height. The elliptical part of the vessel bottom head is di-
vided in 7 segments but the cylindrical part of the lower
head vessel was divided in 14 axial segments. In radial
direction the lower head vessel was divided in 20 radial
rings. Summary the vessel bottom head is discretized in
420 meshes. Segmentation scheme of the reactor vessel
lower head used in the both calculations is shown in Fig-
ure 1.
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Figure 1. Nodalisation scheme of the WWER1000 reactor vessel
lower head.

The instant parameter is the decay heat power. The decay
heat time dependence that is applied in the first calcula-
tion is presented in Table 2.
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Table 2. Decay heat table [4-8]

Time, Decay heat, Time, Decay heat,
s W (per 1 kg of UO;) s W (per 1 kg of UO;)
4910 373.44 50000 190.16
5000 371.04 60000 182.24
6000 350.00 70000 175.12
7000 333.28 80000 168.96
8000 319.12 90000 162.4
9000 307.52 100000 155.92
10000 297.28 200000 133.20
20000 240.08 300000 117.04
30000 215.12 400000 102.88
40000 200.40

3 TheASTECv2.1.1.3 Input Model for the Integral
Calculation

The second calculation is integral plant simulation of
LBLOCA simultaneously with SBO at WWER1000 reactor
with ASTECv2.1.1.3. The selected reference nuclear power
plant for this analysis is Units 5 and 6 of the Kozloduy
NPP equipped with WWER-1000 reactor model v320. This
type of reactor is a pressurized water reactor with 3000
MW thermal power and 1000 MW electric power. The
WWER1000/v320 reactor has four primary loops. Each
loop consists of hot and cooled legs, main coolant pump
and a horizontal steam generator. The steam generators
are fed by feedwater systems.

The ASTECv2.1.1.3 model of WWER1000 reactor includes
the major components of the primary and secondary sides,
as well as the necessary safety injection systems. Nodali-
sation scheme of one of the loops is presented at Figure 2.

The vessel model represents all major components of the
reactor vessel including the downcomer, lower plenum,
core, core bypass and upper plenum. One part of the down-
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comer (DOWNCO1) is simulated as a part of primary cir-
cuit. The other part of the downcomer is modelled as a ves-
sel degradation structure (CHANNEL®6). The reactor core
region has been divided into five parallel channels, each
one consisting 15th axial sub-volumes. Fuel in each one of
the regions group similarly powered fuel assemblies (FA)
together. Each FA consists of 311 fuel elements and each
control rod and bundle absorber rod bundle consists of 18
elements. The structural components like baffle, barrel,
spacer grids, fuel rods, guide tubes were also simulated
in the vessel degradation structure. Heat structures (wall
components) are used to model the thermal behaviour of
reactor vessel metal structures to simulate the heat losses.
The flow paths between the control volumes are simulated
using junction components.

Figure 2 shows the nodalization of one of the forth primary
loops. This loop consists of one hot leg (simulated in two
control volumes), steam generator (SG) (simulated with
hot collector, three levels tubing and cold collector), main
coolant pump (MCP), cold leg (simulated in three control
volumes) and pressurizer (PRZ). The pressurizer has been
represented by one total volume (79 m?) water and steam.
The PRZ surge line is connected to the hot leg of this loop.
The other three loops are modelled as one lumped loop.
The heat structure components are used to simulate the
thermal behaviour of the primary piping.

The reactor coolant pump, accumulators, high-pressure
and low pressure injection systems, main feed water, aux-
iliary feed water are simulated using SYSTEMS structure
and are connected by the ASTEC structure CONNECTI. The
high and low pressure injection systems are connected af-
ter reaching a certain boundary conditions. Pressurizer re-
lief valves (PORV) and atmospheric steam discharge valve
(BRU-A) are simulated by using SGVALVE type as these
valves have different opening and closing set points.
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Figure 2. Nodalization scheme of ASTECv2.1.1.3 integral input model - Reactor vessel and one single primary loop with a pressurizer.
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Two accumulators have been represented by ACCU1&2
volumes and connected to the upper plenum. The other
two accumulators, represented by volumes ACCU3 &4 have
been connected to the CHANNEL6, which simulates the
downcomer.

The secondary circuit is modelled by defining SG1 volume,
which is connected to the corresponding steam header
volumes. The other three SGs, which are united in one,
are modelled by SG2 volume. Single steam line and com-
bined steam lines are connected to the main steam header
(MSH).

The modules ’CESAR’, ’ICARE’, ’SOPHAEROS’ and ’CPA’
from ASTECv2.1.1.3 computer code have been used in the
calculation.

All ASTEC modules have been used in a “coupled mode”.
No other modules are involved as the study is specific to
the in-vessel phase of the accident.

The CESAR module is used to simulate the thermal-
hydraulics of the reactor vessel, primary coolant loops,
steam generators and pressurizer. The ICARE module is
used to simulate the reactor core, which is divided into five
radial regions by grouping similarly powered fuel assem-
blies together.

The CESAR module simulates the thermal-hydraulics in
the primary and secondary sides and in the reactor vessel
up to the start of core uncovery.

The reactor vessel structures are modelled with the ICARE
module which includes reactor core, baffle, the cylindri-
cal part of the barrel, vessel cylindrical part, fuel assem-
bly supports and vessel lower head. ICARE computes the
thermal-hydraulics in the core, bypass, downcomer and
vessel lower and upper plenums. ICARE models the in-
vessel degradation phenomena for both earlier and late
degradation phases. It also simulates the release of core
structural materials, including control rods.

The SOPHAEROS module simulates the fission prod-
ucts (FP) and structural materials transport phenomena
through the circuit. The CPA module allows the simulation
of all relevant processes in the containments of reactors.

The analysis is mainly focused on the severe accident tran-
sient including core degradation and relocation, molten
pool formation and growth, and heat transfer within a
molten pool.

LBLOCA and SBO are initiated at 0 s. If LB-LOCA (2 x
850 mm) occurs simultaneously with station blackout
(SBO) severe accident sequences will happen very soon.
Due to loss of AC and DC power reactor SCRAM is actu-
ated with 1 s delay. All MCPs stop, the FW supplying of SG
is terminated and turbines trip. The safety injection sys-
tems actuation is not possible. Just the passive safety sys-
tem injection, which consists of four hydro-accumulators
(HA) is available. When the Reactor Coolant System (RCS)
pressure falls below 60 kg/cm?, all four HA start to inject
borated water.

The main initial conditions are presented in the Table 3,
where ASTECv2.1.1.3 calculated values are compared with
plant design values.
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Table 3. Initial plant conditions

Plant ASTEC

Parameters design v2.1.1.3
Core power, MW 3000 3000
Primary pressure, MPa 15.7 15.7
Average coolant temperature at

reactor outlet, °C 320.15 319.10
Maximum coolant temperature at

reactor inlet, °C 290.0 289.60
Mass flow rate through one loop, kg/s 4400.0 4400.0
Pressure in SG, MPa 6.27 6.27
Pressure in MSH, MPa 6.08 6.01
Steam mass flow rate through

SG steam line, kg/s 408 407

External RPV conditions after the reactor scram are
assumed to be the same as in the first calculation.
It is modelled by defining of heat transfer coefficient
(10 kW.m~2.K~!) and outside water temperature 60°C.
The external water cooling is initiated at the time of the
first material and fission products (FP) slump in the lower
head vessel.

RPV bottom head was subdivided in 21 axial segments and
20 radial rings (summary 420 meshes) as in the first calcu-
lation.

4 Main Results from the Simplified Calculation
(ICARE and CESAR of ASTECv2.1.1.3)

The main results from the sensitivity simulations are de-
picted in Figures from 3 to 14.

The calculated time for the simulation is 30000 s. Up to
this time the lower head vessel failure doesn’t occur.

The curves in Figures 3 and 4 describe the internal and
the external heat fluxes detected for each segment (from 1

Heat flux from the melt to the vessel - TPLATE 1500.
(20 rings and 21 segments)
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Figure 3. Internal heat flux distribution — TPLATE 1500. (20 rings
and 21 segments).
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Heat flux from the vessel to the water - TPLATE 1500.
(20 rings and 21 segments)
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Figure 4. External heat flux distribution — TPLATE 1500. (20 rings
and 21 segments).

to 21) during the calculation. The internal heat fluxes
are determined for each internal element (mesh) that is in
contact with the molten pool. The equation that was used
is

Y= P, exchange/ Sint_mesh s eY)

where Pexchange [W] represents the power exchanged on the
internal face of the mesh and Sin¢ mesn is the internal sur-
face of the mesh in contact with the molten pool.

In the same way the heat fluxes from the vessel to the wa-
ter for every external segmental surface were calculated.

The bounding curves of maximal heat fluxes are presented
at Figure 5. The maximum HF axial profiles are given look-
ing at each external and internal point during the whole
time at all elevations.

Looking at Figure 5 we ascertained that the absolute heat
flux maximum of 2.23 MW/m? in the calculation happens
at segment 15 (12632 s) and corresponds to the area be-
tween elevations -0.35 m and -0.30 m. This is the maximal
heat flux given looking at each external and internal point
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Figure 5. Maximum heat fluxes diagram — TPLATE 1500. (20 rings
and 21 segments).
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Figure 6. Wall thickness — TPLATE 1500. (20 rings and 21 seg-
ments).

during the whole time at all elevations and corresponds to
the most difficult situation.

The initial vessel wall is assumed to be 25 cm (see Fig-
ure 6). During the simulation part of the vessel wall has
been melted in the corium pool. The minimal vessel wall
thickness of 2.67 cm has been accounted first at segment
18 at 12472 s. The same wall thickness has been reached
at approximately the same time at the neighbor segments
from 13 to 19.

5 Main Results from the Integral Calculation with
ASTECv2.1.1.3

The main results from the second integral calculation are
shown in Figures from 7 to 8. During the calculation vessel
failure appear at 32286 s (Figure 7). The elevation of rup-
ture is -7.5 m. External cooling is actuated at 1025 s, which
is the time of the first slump in the lower plenum.

Temperature field
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Figure 7. Temperature field at 32286 s.

The sequence of the main events during the LB-LOCA with
SBO is presented in Table 4.
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Figure 8. Total mass lost through the BREAK1.

Table 4. Sequence of events of the integral calculation

Integral
calculation with
external reactor

vessel cooling

Calculated sequence of events

time, s

Break opening (2 x 850 mm) simultaneously

with SBO 0.0
LOOP1]J6 junction closing 0.0
MCP#1 is stopped - primary Cold leg 1 0.0
MCP#2 is stopped - primary Cold leg 2 0.0
Reactor scram (plus 1 s delay) 1.0
Turbine trip 2.0
FW1 connection OFF 5.0
FW2 connection OFF 5.0
Start of hydro-accumulators discharge

(ACCU1&2) 9.2
Start of hydro-accumulators discharge

(ACCU3&4) 9.3
Accumulators ACCU1&2 are empty 89.7
Accumulators ACCU3 &4 are empty 92.4
Start of FPs release from fuel pellets 66.5
First material slump in lower plenum 1025.0
First slump of corium with FPs in lower plenum 1025.0
Beginning of external reactor vessel cooling 1025.0
Vessel failure(end of calculation) 32286.3

When the guillotine breaks between volumes CL1p1 and
CL1p2 (Figure 2) occurs simultaneously with station black-
out (SBO) at 0 sec the severe accident sequences happen
very soon. Due to loss of AC and DC power reactor SCRAM
is actuated with 1 s delay. All MCPs stop at 0 s. The tur-
bines trip (2 s) and FW supplying of SGs is terminated (5 s).
Due to loss of power the safety injection system actuation
is not possible. Just the passive safety system injection,
which consists of four hydro-accumulators (HA) is avail-
able. When the reactor coolant system pressure falls below
60 kg/cm? all four HA start to inject borated water in the
reactor vessel. The ACCU 1 and 2 start to inject at 9.3 s
and stop after water depletion at 89.7 s. The ACCU 3 and
4 start to inject at 9.2 s and stop at 92.4 s. The first ma-
terial slump with fission products (FP) in the reactor vessel
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Figure 9. Total mass lost through the BREAK2.

bottom head occurs at 1025 s. This is the time of the begin-
ning of external vessel bottom head water cooling (water
temperature 60°C). After that time the corium mass in the
lower plenum starts to increase due to continues slump-
ing.

Figures 8 and 9 represent the total inventory mass lost
through the both sides of the guillotine break.

In the next two Figures 10 and 11 are shown the heat fluxes
from the melt to the inner wall of the vessel bottom head
and the HFs from the vessel to the outside water. The HFs
where accounted for each one of the segments in height
(from 1 to 21). The maximal value of 1.35 MW/m? oc-
curs at segment 9 (between the elevations -0.7 and -0.8)
at 32166 s. It is almost the time of the end of calculation
and vessel failure. It could be seen that around the 30000 s
the HF at segment 10 also starts to increase rapidly.

Heat flux from the melt inside to the vessel [W/m2]
(20 rings and 21 segments)
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Figure 10. Internal heat fluxes — Integral calculation (20 rings
and 21 segments).
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Heat flux from the vessel to the water outside [W/m2]
(21 segments and 20 rings)
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Figure 11. External heat fluxes — Integral calculation (20 rings
and 21 segments).
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Figure 12. Maximum heat fluxes diagram — Integral calculation
(20 rings and 21 segments).

The maximal external HF value (0.5 MW/m?) is accounted
at segment 9 at the end of calculation (Figure 12).

The wall thickness of each one of the vessel segments is
presented in Figure 13. The minimal thickness (approxi-
mately 7.5 cm) is observed at segment 9 at the end of cal-
culation.

In the next Figure 14 it is shown the composition of the
corium slump relocated from the core during the calcula-
tion. The total mass of the corium slump relocated from
the core at the end of calculation is approximately 76 tons.

6 Conclusion

The simplified calculation prolongs till 30000 s. The ves-
sel bottom head failure doesn’t occur till the end of the
calculation. The calculation predicted the absolute heat
flux maximum value at segment 15 (between elevations:
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Figure 13. Wall thickness — Integral calculation (20 rings and 21
segments).
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Figure 14. Composition of corium relocated from the core - In-
tegral calculation (20 rings and 21 segments).

0.35 and -0.30). The maximal calculated HF value is 2.23
MW/m?2 and occurs at 12632 s at the segment 15.

In the integral calculation vessel failure occurs at 32286 s.
The calculation predicted maximal heat flux value of
1.35 MW/m? that occurs at segment 9 (between elevations
-0.7 and -0.8) at the moment of vessel failure.
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