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Abstract:

This report summarises the results obtained in the frame of the work performed for the tasks
3.4.2, 3.4.3 and 3.4.4 of the ECC-SMART Project, related to the study of the pre-conceptual
core layout and passive safety concept for a SCW-SMR, respectively by the Limited Liability
CompanyCéntrPed (I PP), by the Budapest Uni vg¢
and by the University of Pisa (UNIPI). The material presented herein is aimed mostly at
assessing the suitability of the existing and further developed models for representing the
phenomena envisaged in the postulated scenarios that may affect the proposed reactor
concept. As in the general objectives of the ECC-SMART project, these represent pre-licensing
studies aimed to propose guidelines for the future demonstration of the SCW-SMR concept
addressed in the project, to be considered as a workbench to refine methodologies and tools
necessary for nuclear reactor analysis and proposing a strategy for the future licensing.
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Executive Summary

This report summarises the results obtained in the frame of the work performed for the tasks
3.4.2,3.4.3 and 3.4.4 of the ECC-SMART Project, related to the study of the pre-conceptual core
layout and passive safety concept for a SCW-SMR, respectively by the Limited Liability Company
Al R Nntreo (I PP), by the Budapest University of
University of Pisa (UNIPI). The material presented herein aims to mostly assess the suitability of
the existing and further developed models for representing the phenomena envisaged in the
postulated scenarios that may affect the proposed reactor concept. As in the general objectives
of the ECC-SMART project, these represent pre-licensing studies aimed to propose guidelines
for the future demonstration of the SCW-SMR concept addressed in the project, to be considered
as a workbench to refine methodologies and tools necessary for nuclear reactor analysis and
proposing a strategy for the future licensing.

In particular, Chapter 2 is devoted to general considerations about the Canadian and
Chinese reactor concepts. Chapter 3 reports in greater detail the features of the reactor concept
proposed by Schulenberg and Otic (2021); Chapter 4 summarises the early work performed by
the University of Pisa for model development and code improvement and application for the
analysis of passive safety aspects, with particular attention to natural circulation phenomena;
Chapter 5 presents a further work performed by BME in an in-depth analysis of the pre-conceptual
core layout and passive safety concept; Chapter 6 reports the additional work performed by IPP
in the safety and design analysis of the SCW-SMR concept. Finally, Chapter 7 concludes the
overall work performed in this frame.

The novel reactor concept proposed by Schulenberg and Otic (2021) features a seven
passage core whose conception is driven by the attempt to minimise peaking factors often
observed in SCWR reactor concepts owing to the large enthalpy jump across the core and to the
uneven distribution of reactor power. The multiple passages through the core are in fact intended
to allow mixing of the core at the outlet of each one of them, in order to equalise the fluid
temperature entering the next stage. With respect to a previous three-pass core configuration
proposed in previous projects (Schulenberg and Starflinger, 2012), the idea is here pursued to
increase the number of passages to improve mixing and to use horizontal channels in order to
allow for natural circulation conditions to be established in the medium- and long-term phases of
postulated accidents. Safety systems are then proposed, mainly suggesting the use of passive
devices. The combination of the concept of a SCWR, being the only Generation IV LWR concept,
with a Small Modular Reactor structure, in line with the present tendencies in nuclear reactor
research and development, makes the present proposal a quite promising one, also in
consideration of the similar features exhibited by the Canadian and Chinese proposals.

The early work performed by the University of Pisa in modelling this reactor concept with
system codes of the RELAP family immediately encountered a classical problem in the transition
between supercritical and subcritical pressures. At such a threshold, in fact, numerical codes have
to integrate solutions across the substantially troublesome difficulty represented by the critical
point of water, characterised by vanishing or infinite property derivatives. This difficulty was
overcome by simply acquiring a version of the RELAP/SCDAPSIM code maintained by an
international Company, with which it was possible to activate a cooperation that led to the
customisation of the code for the purposes of the analyses to be performed in the frame of the
ECC-SMART project. This allowed to perform meaningful steady state and transient analyses
providing for the first time insight into the dynamic behaviour of the proposed SCW SMR concept,
thus paving the way for further and more refined studies. Among the several lessons learned from
the work, the result that a minimal configuration of passive systems may be sufficient to assure
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adequate natural circulation and core cooling during a postulated long-term station black-out
(LTSBO) represented an interesting preview of the safety characteristics of the proposed concept.

The work performed in parallel by BME and carried on with greater refinement of the
adopted tools reached similar conclusions, notwithstanding the different adopted programs. The
Apros code, in particular, was already sufficiently flexible to cope with SCWR conditions, though
ordinary problems had to be solved for performing the intended analyses. Among the several
differences of the model adopted by BME with respect to the one by the University of Pisa, the
use of a set of three representative channels at each heating stage in the core (cold, average and
hot) instead of the two adopted by the University of Pisa (average and hot) allowed for better
accuracy in the coupling with neutronic analyses, made also in the case of the University of Pisa.
Moreover, the splitting of the downcomer model into two regions prepared for more realistic future
analyses of LOCAs happening because of the break of one of the two feed-water or steam lines.
With the adopted model, BME performed a series of detailed analyses of the LTSBO sequence
and of steady state conditions with neutronic coupling with different core compositions. The
conclusions about the LTSBO were anyway quite similar from a phenomenological point of view
as those already mentioned for the work by the University of Pisa, though they were supported
by a vaster amount of data.

For both the analyses performed by the University of Pisa and by BME, it must be
mentioned that in the future a greater refinement in the vertical discretisation of the core could be
needed, e.g, in representing each one of the 20 levels of fuel channels proposed in the concept.
While this complication was not considered necessary at the present stage of preliminary
analyses, such a more detailed description might be needed to assure that the present common
feature of the RELAP and Apros models of using only seven levels of discretisation (one per each
stage) may not hide some relevant phenomena occurring during postulated accidents, e.g.,
related to the creation of water levels feeding only part of the stacked fuel channels facing
common inlet and outlet plena.

BME also performed a work in cooperation with CNL using the ASSERT-PV and the
STAFAS subchannel codes, providing additional information on the maximum cladding
temperature reached during steady-state conditions.

Finally, IPP tackled the tough problem of studying severe accident conditions for this novel
configuration having horizontal channels in the reactor core, for which the classical MELCOR
code models are not directly applicable. The problem was circumvented by a skilled use of
MELCOR itself and of a CFD code; with the latter it was possible to evaluate the loads on the
internal vessel structures caused by the depressurization from supercritical pressure of the
system owing to a LB-LOCA, while the MELCOR code was adopted to consider the phases of
core degradation and corium progression towards the bottom of the vessel and the final vessel
attack and failure. The study was conducted in three stages, with the first one devoted to the
mentioned fast depressurisation analysis, the second related to the corium degradation
progression and the third to the vessel shell attack. The conclusions reached by this study suggest
care in revising the proposed core configuration for the effects that the travelling depressurization
wave may have on the reactor internals and warn about the need to avoid the possible
unavailability of emergency core cooling systems after a LB-LOCA, something that seems to
unavoidably lead to the collapse of the bottom head of the vessel, calling for a possible use of
core catchers. While note is taken of both these warnings for future developments, it must be also
mentioned that the use of passivity in the protection systems should be the key to avoid
dangerous severe accident sequences in which the core is not sufficiently protected, making
events like those described very unlikely or even ruling them out.
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It must be mentioned that a remarkable product of the work performed is the nice
cooperation established among the participants in Task 3.4, favoured by the innumerable weekly
or bi-weekly meetings held online to monitor the progress of the work and to exchange useful
data and ideas. Indeed, this strict cooperation will be a key asset for the continuation of the work
in the frame of a future European project aimed at providing a new step in the proposal of feasible
reactor concepts based on the supercritical pressure light water technology.
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1 Introduction

The ECC-SMART project has as one of its main objectives the definition of the design
requirements for Small Modular Reactors (SMRs) based on the Supercritical Water Reactor
(SCWR) technology. The SCWR represents an innovative reactor concept, included in the six
Generation IV designs (see the Page of SCWR on the GIF website), which has been developed
in past decades mainly by proposing a number of large-scale reactors. Reviews of the different
SCWR concepts proposed in past times are reported in textbooks appeared in literature, also as
a result of national projects and general literature reviews (see Pioro and Duffey, 2007; Oka et
al., 2010; Schulenberg and Starflinger, 2012), and in technical documents by IAEA resulting from
Coordinated Research Projects aimed to gather results from the institutions contributing to the
analyses of the scientific and technical issues to be solved to propose future prototype reactors
(IAEA 2014; IAEA 2019a; IAEA 2020a).

Recently, Small Modular Reactors (SMRs) have gathered the attention of the nuclear
scientific community for their potential advantages under several respects (IAEA 2020b). In
particular, their low power level may reduce the consequences of severe accidents, possibly also
decreasing their probability. Moreover, the possibility that the reactors can be at least in part
manufactured in workshops and then installed in several modules on a site may considerably
reduce the economic exposure encountered in the construction of large plants and may enhance
the flexibility in responding to the needs of future electrical networks dominated by intermittent
renewable energy sources.

These promising features may be combined with the inherently favourable characteristics
of supercritical water reactor concepts, e.g., in terms of higher core outlet temperature with
respect to current light water reactors (LWRs) and hence higher energy conversion efficiencies
(in the range of 44%, see e.g., Pioro and Duffey, 2007; Schulenberg and Starflinger, 2012).
Moreover, the more compact layout due to the use of a direct cycle is promising for reducing costs
of the overall plant.

The above considerations justify the interest that triggered the proposal of the ECC-
SMART project for the pre-conceptual analysis of a SCW-SMR. A possible SMR configuration
with supercritical pressure water has been recently proposed by Schulenberg and Otic (2021) in
the early phases of the project, exploiting and furthering previous experience gained in the design
of the High Performance Light Water Reactor (Schulenberg and Starflinger, 2012) Unlike the
previous proposal that involved a vertical core with three coolant passages, aiming to homogenise
the bulk fluid temperature at each stage, the present concept features a seven-stage horizontal
core made of short fuel elements, arranged in a 20x20 square matrix, with a total power of 290
MWth. At the exit of each stage, composed by a variable number of rows of fuel elements to
account for the different density of the fluid, the coolant is fed to the inlet plena by returning
channels arranged in a stair-like structure.

This novel concept was firstly examined by single channel analyses (Schulenberg and
Otic, 2021) that proposed a preliminary characterisation of the fluid and the cladding behaviour
that could be envisaged in the seven stages of the reactor core concept. Models of the reactor
have been then developed by the RELAP code (RELAPS5 Code Development Team, 2001;
SCDAP/RELAPS Development Team, 1998) at the University of Pisa and by the Apros code
(Kurki, 2008) at the Budapest University of Technology and Economics (BME). Modelling
assumptions were made on the basis of the data proposed in the documentation distributed in
the frame of the project in electronic format, including CAD files.

This report summarises the results obtained in the frame of the work performed for the
tasks 3.4.2, 3.4.3 and 3.4.4, related to the study of the pre-conceptual core layout and passive
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safety concept for SCW-SMR respectivelybyt he Li mited Li abCdnttrye dC o(mpRl
by the Budapest University of Technology and Economics (BME) and by the University of Pisa

(UNIPI). The material presented herein is aimed mostly at assessing the suitability of the existing

and further developed models for representing the phenomena envisaged in the postulated

scenarios that may affect the proposed reactor concept. As in the general objectives of the ECC-

SMART project, these represent pre-licensing studies aimed to propose guidelines for the future
demonstration of the SCW-SMR concept considered in the project, to be considered as a
workbench to refine methodologies and tools necessary for nuclear reactor analysis and

proposing a strategy for the future licensing.

In particular, Chapter 2 is devoted to general considerations about the Canadian and
Chinese reactor concepts. Chapter 3 reports in greater detail about the features of the concept
proposed by Schulenberg and Otic (2021); Chapter 4 summarises the early work performed by
the University of Pisa for model development and code improvement and application for the
analysis of passive safety aspects, with particular attention to natural circulation phenomena;
Chapter 5 presents a further work performed by BME in an in-depth analysis of the pre-conceptual
core layout and passive safety concept; Chapter 6 reports the additional work performed by IPP
in the safety and design analysis of the SCW-SMR concept. Finally, Chapter 7 draws conclusions
about the overall work performed in this frame.
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2 Passive systems in Canadian and Chinese SCW reactor concepts

In order to pave the way to the following discussion on passive system preliminarily identified for
the studies reported in the present report, information on the systems identified in the Canadian
and Chinese designs is reported below.

2.1 Canadian SCWR concept
2.1.1 General features of the Canadian SCW-SMR

Several options for the Canadian SCW-SMR core, fuel assembly and fuel channel were explored
and discussed. To leverage the knowledge gained through the development of the Canadian
SCWR (Yetisir et al., 2012), it was decided to scale down the Canadian SCWR to develop a
supercritical water-cooled small modular reactor (SMR), hereafter referred to as Canadian SCW-
SMR (Figure 1). The reference core concept consists of a pressure-vessel type inlet plenum
linked to a low-pressure calandria vessel, which houses 188 fuel channels in a 250-mm lattice
pitch. The operating pressure of the reactor is 25 MPa with a core outlet temperature of 450-
500AC. An outl et header i s installed i nsi
temperature gradients over the header wall. A direct thermodynamic cycle has been adopted,
eliminating the need for steam generators, and the single-phase coolant eliminates the need for
a moisture separator (required in boiling water reactors).

The fuel assembly (Figure 2 (left)) consists of 64 fuel elements distributed into two rings
around a central flow tube (Nava-Dominguez et al. 2016). All fuel elements are contained inside
a double-wall structure with an insulator between the two walls. Coolant from the inlet plenum is
distributed into the fuel channel through openings acting as orifices to control the mass flow rate
and dampen instability. The coolant flows through four nozzles into the central flow tube and
downward to the bottom of the fuel assembly. The coolant then reverses flow direction and travels
upward through the fuel elements to the outlet header. Under accident conditions, the fuel
cladding temperature may increase. Heat is then transferred through natural convection and
radiation from the fuel cladding to the liner and subsequently to the moderator through the
insulator. This would maintain the coolability of the fuel cladding and maintain its integrity under
accident conditions.
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Figure 1: Canadian SCWR and Canadian SCW-SMR core and fuel channel
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Figure 2: (left) Cross-sectional view of the Canadian SCWR and Canadian SCW-SMR fuel
bundle, and (right) Canadian SCWR and Canadian SCW-SMR fuel channel

2.1.2 Safety Systems

Similarly to the Canadian SCWR, the Canadian SCW-SMR uses an Isolation Containment
System (ICS) as a long-term heat removal system (Figure 3). Three heat exchangers are
submerged in a cooling pool as shown in Figure 3(right). The dimensions of these heat
exchangers are based on the BWRX-300 concept developed by GE-HITACHI (Pomogaev, 2022)
as starting point, as the power produced is similar to the Canadian SCW-SMR.
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Figure 3: Isolation Condenser System layout for (left) Canadian SCWR, (right) Canadian
SCW-SMR

The moderator system in the Canadian SCW-SMR is similar to the one of the CANDU type
reactors, where the moderator is independent of the coolant and both systems are physically
separated. All fuel channels are located inside a calandria vessel housing the low-pressure, low-
temperature heavy-water moderator, which is cooled with a passive and active cooling systems.
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Safety analyses were performed to quantify the safety performance and demonstrate the
effectiveness of the safety system for four postulated accident events in the Canadian SCW-SMR
concept. The events of interest include the following:

1 Loss-of-coolant accident (LOCA), Cold-leg and Hot-Leg.

1 Loss-of-flow accident (LOFA), which is also referred to as the loss-of-feedwater accident
(LOFA) for the direct thermodynamic cycle.

i Station Black Out (SBO).

The results from these analyses showed that it is possible to have a natural circulation on the
reactor core and the ICS. However, further analyses are needed to dimension properly the
equipment used in the simulations.

2.2 Chinese SCWR concept
2.2.1 CSR150

The improved core conceptual design of CSR150 includes fuel design, assembly design and core
fuel management design. The fuel design of CSR150 is based on CSR1000. The fuel rod consists
of enriched UO- pellets with 310s cladding. In order to accommodate more fission gas and reduce
the temperature in the centre of pellet, the centre hole design is adopted. The assembly design
of CSR150 is different from the CSR1000; instead of water rod, the mixed moderators is adopted
in the design. The core consists of 45 fuel assemblies. Two different enrichments of fuel
assemblies are adopted to obtain flat power distribution. The two-pass coolant flow scheme is
also adopted in the core design to get the high outlet coolant temperature.

2.2.2 Core Conceptual Design

2.2.2.1 Core design criteria

Referring to CSR1000, the core design criteria are as follows: ~ Under normal condition, MCST
(maximum cladding sur A@c &LHGR (mpxémura linear hedt ge@eiion
rate) 039 kW m.

2.2.2.2 Fuel assembly design

The Fuel Assembly design of CSR150 is based on CSR1000. The fuel rod structure is shown in
Figure 4. As already mentioned, the fuel rod consists of enriched UO; pellets with 310s cladding;
the fuel rod has a diameter of 9.5 mm and the cladding thickness is 0.57 mm. In order to
accommodate more fission gas and reduce the temperature in the center of pellet, the center hole
design is adopted.

Figure 4. CSR150 fuel rod design.
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Since supercritical water is used as the coolant, the moderating capacity of the assembly is
insufficient. The concepto f A wa t eften apmietl for the assembly; although this design can
improve the moderating capacity, it makes the system too complex and difficult to achieve in the
industry. Different from the CSR1000, in order to simplify the design and improve safety, instead
of the water rod, a new fuel assembly with mixed moderators is devised. The square fuel
assembly shows good neutronics and thermal-hydraulics performance and structural
implementation ability and is chosen as the fuel assembly of CSR150 conceptual design.

The square fuel assembly structure is shown in Figure 5. The square fuel assembly with
solid moderator rod consists of 4 sub-assemblies. The gap between subassembilies is filled with
coolant and the channel between subassemblies is liquid moderator. There are 56 fuel rods and
acentresol id moderator rod (4174 lattice cells) pet
assembly is 119.5 mm and the centre distance is 239.0 mm. The fuel assembly wall thickness is
2.0 mm and the solid moderator rod wall thickness is 0.8 mm. A cruciform-shaped control rod is
adopted in the centre of assembly and the material is B4C. The solid moderator is made of
zirconium hydride material and is surrounded by an air chamber and cladding to contain the
released hydrogen under the accident condition.
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Figure 5. Mix Moderator Fuel Assembly Design.

2.2.2.3 Core design

Referring to the design of CSR1000, the following core design parameters have been determined
from the viewpiont of the core performance and scale requirements. The average coolant core
outlet temperature has been increased from 500 A Wf the CSR1000 design to 520 A C

Core pressure: 25 MPa;

Core thermal power: 150 MW,

Core average inlet/outlet temperatures: 280/520 A €

Average linear heat generation rate(ALHGR)  14.9 kW/m;

Number of fuel rods per assembly: 224;

The active core height: 2.5m;

Average 2*U fuel enrichment: high enrichment: 7.2 wt%. low enrichment:5.6 wt%.

The fuel loading patterns are shown in Figure 6.
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Figure 6. CSR150 fuel loading patterns.

2.2.2.4 Coolant flow scheme
A new flow scheme has been devised. The 24 fuel assemblies in periphery are the first flow path
assemblies, in which the coolant flows from top to bottom. The other 21 fuel assemblies in centre
are the second flow path assemblies, in which the coolant flows from bottom to top. the new
coolant flow scheme in Figure 7.
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Figure 7. The new Coolant Flow Scheme of CSR150.

About 10% of the inlet coolant flows down the downcomer, and the rest is guided to the top dome
and distributed to: ~ 70% flows as the first flow pass coolant,  10% flows as the first flow pass
moderator, 10% flows as the second flow pass moderator. the peripheral mixed coolant
finally rises in the core through the fuel channels of second flow pass.

On the one hand, the new flow scheme can reduce the cladding temperature of the peripheral
assembles, on the other hand, it can increase the core outlet temperature and improve the power
generation efficiency.

2.2.3 Safety Systems

Similar to CSR 1000, a passive safety system is proposed for CSR 150 to increase the safety

reliability at abnormal conditions. The passive safety system of CSR 150 is mainly made of the

high pressure reactor make-up tank (RMT), the isolation condenser system (ICS), the automatic
depressurization system (ADS), the gravity driven core cooling system (GDCS), the passive
containment cooling system (PCCS) and the direct vessel injection (DVI).

The accidents of 66 pump seizureb6od, 661 oss of
depressurizationdé6, as well as some typical trar
a one-dimensional safety analysis code for SCWRs. Further analyses are needed to dimension

properly the equipment used in the simulations.
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3 General considerations on passive system identification for the SCW
SMR

When talking about innovative reactors, we should also remind about the safety requirements
applicable in general to nuclear reactors: The safety systems shall be designed such that nobody
shall be exposed to any serious radiation damage, neither during normal operation nor during any
conceivable accident. For this purpose, neutron and gamma radiation must be shielded by
providing sufficient lead, steel, or concrete structures or by water layers. Furthermore, radioactive
material must be confined inside three leak-tight barriers, which are the fuel cladding, the primary
system and the containment. These barriers are defended in depth like walls in medieval castles.
Should any of these barriers fail, the other barriers shall take over the confinement. On a closer
look, however, these basic principles are anything but well defined. According to the ALARA
principle, the dose rate shall be as low as reasonably achievable, for which a clear definition is
often missing and some accidents, e.g., an airplane crash, seem to be conceivable only in certain
countries. Therefore, a nuclear design project for innovative reactors is well advised to specify
the safety requirements precisely before starting the design process.

3.1 The first barrier of a SCWR

Like in a pressurized water reactor (PWR), in SCWRs the fuel claddings are exposed to an outer
pressure, which is around 25 MPa instead of around 15 MPa under operating conditions. The
inner pressure increases by about 10 MPa during burn-up, depending on the size of the fission
gas plenum. If the fuel rods are filled with fuel pellets at a pressure of about 5 MPa under cold
conditions, we expect an inner pressure around 15 MPa under hot conditions at the beginning of
a burn-up cycle (BOC) due to thermal expansion of the helium inside. The inside pressure is
increasing then to around 25 MPa at the end of a burn-up cycle (EOC). Thus, the pressure
difference between outside and inside is around 10 MPa at BOC, decreasing to almost zero at
EOC. Therefore, though having a higher pressure in a SCWR, the mechanical loads of the fuel
claddings can be similar to those of PWRs. A major difference is rather due to the higher cladding
temperatures, requiring stainless steels instead of Zircalloy. In any case, however, venting of fuel
claddings is not allowed to avoid stresses.

3.2 The second barrier of a SCWR

A basic principle of SCWRs considered here is a once-through steam cycle as sketched in Figure
8. Feedwater, which is preheated to 280 AC
pressure of around 25 MPa. It passes through the core without any recirculation and leaves the
pressure vessel as superheated steam at a pressure of about 24 MPa with a temperature of about
500 AC. This st eam high-pessyetirbine ahd, dfterbeaing tehegted ttaan
intermediate pressure turbine and a low pressure turbine. The reheater and the latter turbines are
not shown in Figure 8 for simplicity. The entire steam cycle is forming the primary system, which
shall be leak-tight confining its radioactive inventory.
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Figure 8: Once-through steam cycle of a SCWR

If the turbines, condensers and feedwater pumps are outside the containment, however, the
second barrier is penetrating the third barrier during normal operation. Consequently, radioactive
material, in particular N-16 which is produced from O-16 inside the reactor core, is transported to
the steam turbine under normal operation. Therefore, the turbine building may only be entered
with protective measures and the turbine parts become low-active radioactive waste at the end
of their life. Close to the high-pressure turbine, a worker could receive a higher gamma dose rate
when standing there during operation. With a half-life of 7 s, however, N-16, decays rapidly before
reaching the condenser and the feedwater system. In case of leakage from the steam cycle,
containment isolation valves need to be closed passively at the feedwater inlets to the
containment, usually designed as check valves, and at the steam outlets. Such penetration of the
second and third barrier is well-known from boiling water reactors and has been accepted there
in several countries. We cannot claim per se, however, that such penetration of barriers will be
accepted also for future reactors or in Countries which have never operated BWRs. It might be
argued instead that this is violating the ALARA principle. Again, the safety system requirements
of a SCWR should be specified precisely before starting the design process to clarify this issue.

3.3 Control under normal operation

Even though a SCWR has much in common with a BWR, it is controlled differently even under
normal operation. As we see in Figure 9, a BWR has an internal coolant recirculation, usually
driven by reactor internal coolant pumps. The coolant is partly evaporated in the core and steam
and liquid are separated above the core. The saturated steam is dried and supplied to the turbine,
while the liquid part is recirculated through a downcomer to the core inlet. In the upper load range,
the core power can be controlled by the pump speed. The feedwater pump or its downstream
valve is controlling the liquid level inside the reactor pressure vessel.

A SCWR, instead, does not have internal coolant recirculation as steam and liquid cannot
be separated at supercritical pressure. The liquid coolant at core inlet is heated up until it becomes
superheated steam at the core outlet. Now the feedwater pump or its downstream valve is
controlling the core outlet temperature. The core power must be controlled by the control rods. In
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both cases, the turbine governor valve is controlling the pressure inside the reactor pressure
vessel. In case of a turbine trip, the turbine bypass valve is taking over this control function.

BWR SCWR
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Coolant
recirculation
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KLM control
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Figure 9: Generic differences between a BWR and a SCWR

This generic difference is causing also a different strategy for residual heat removal. Once a BWR
has been shut down, the reactor internal pumps may be stopped and the residual heat may be
removed from the core by natural convection, driven by the density difference between liquid
water in the downcomer and steam inside the core. The residual heat removal system needs just
to maintain sufficient coolant inventory inside the RPV. In a SCWR instead, the residual heat must
be removed by forced convection through the core unless a natural convection loop is established
outside the RPV after shut-down.

3.4 Safety systems

Besides these differences, however, there are several safety systems which are common for both
reactor types. Shut-down rods are driven into the core causing reactor SCRAM. Boron can be
injected as a second, independent shut-down system in case that these control rods were lost,
e.g. during a core melt accident. Boric acid is not used in both cases for compensation of excess
reactivity. Both reactor types need containment isolation valves (CIV) to close the third barrier in
case of an accident. Then, pressure relief valves (PRV) must open, discharging steam into a
cooled pool inside the containment and an active or passive system must refill the lost condensate
into the RPV again. In case of steam release into the containment, the increase of containment
pressure is limited by vent pipes running into a pressure suppression pool (PSP).

The minimum set of safety systems required for a SCWR is sketched in Figure 10.
Systems which are used under normal operation are shown in blue. In case of a reactor SCRAM,
the turbine is tripped by the emergency stop valve at the turbine inlet and the turbine bypass valve
opens, both passively by a spring, keeping a high pressure inside the RPV. The containment
isolation valves stay open. The feedwater pump is providing sufficient mass flow rate to cool the
fuel rods as needed.
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Figure 10: Minimum set of safety systems for a SCWR.

In case that the containment isolation valves were closed, the pressure relief valves must open
to avoid a pressure increase inside the RPV. Without any coolant pump, however, they may not
close again, but the core must be depressurized, at least slowly, by an automatic depressurization
system (ADS) to maintain sufficient mass flow rate through the core. The released steam
condenses in a cooled pool inside the containment, from where it can be pumped back into the
RPV by an active emergency core cooling system (ECCS), shown in red in Figure 10.

How fast does this ECCS needs to be activated now? The feedwater temperature inside
the RPV is less than 310 AC and this water
the emergency core cooling pump can be activated within this time frame, the coolant injection
system will drive the coolant flow through the core and the core stays well-cooled for long term.
Once the saturation pressure has been reached, the feedwater inside the RPV starts boiling. The
RPV acts now like a pressurizer. The produced steam keeps the pressure high enough to drive a
coolant flow through the core until the water level drops down to the core inlet. Once the
emergency core cooling pump starts injecting cold water into the RPV, however, the pressure
inside drops rapidly, the core flow stops and the core overheats. It is necessary therefore to inject
coolantimmediately, e.g. within less than 20 s, which is quite a challenge for the diesel generators
and for the pumps in case of loss of offsite power.

More grace time can be reached with a passive residual heat removal system, shown in
green in Figure 10, which is favoured for a small modular reactor. In case of loss of offsite power,
the reactor SCRAM causes a turbine trip and the containment isolation valves close. The pressure
relief valves open and they stay open to depressurize the RPV, maintaining a minimum mass flow
rate through the core. Then a riser to an emergency condenser opens and condensate from the
emergency condenser returns, driven by gravity, replacing the evaporated coolant. Once this
passive heat removal system is working, the pressure relief valves close again.

stays
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The emergency condenser may be placed outside the containment, releasing the residual
heat to the atmosphere, which provides an unlimited heat sink. If an airplane crash has to be
considered, however, a kerosene fire around this condenser would turn the heat sink into a heat
source. In such cases, an emergency condenser inside the containment would be safer, heating
up some internal water pools, which can provide a heat sink for at least 3 days. This will lead, of
course, to a completely different containment design, demonstrating again that the safety system
requirements should be well defined before starting the design work.

Residual heat removal by natural convection will work only if the reactor core is designed
with horizontal or upward flow only. If superheated steam is produced at the core outlet, however,
it has only a small specific heat and small local differences in core power or mass flow rate will
result in large differences in coolant temperature, overheating some fuel rods. This problem is
minimized by heating up the coolant step-wise, with an intensive coolant mixing between these
steps to get rid of hot streaks. Therefore, the coolant inside the High Performance Light Water
Reactor (Schulenberg and Starflinger, 2012) was intended to heat up in 3 upwards or downwards
steps, with mixing plenums above and underneath the core. This design, however, did not allow
a natural convection flow as siphons were formed by the plenums. An innovative design with
horizontal fuel assemblies, as shown in Figure 11, might solve this problem (Schulenberg and
Otic, 2021). The coolant is heated up inside the fuel assemblies with a horizontal flow, from left
to right as shown in the side view, Figure 11 right, and is mixed between these steps when
returning around the core, as shown in the front view in Figure 11, left. The coolant enters the
internal flow path as liquid at stage 1 through an inlet header from below, and leaves the core as
steam when exiting from stage 7.

Front view Side view

heat-up
stages

coolant
inlet

Figure 11: Core design with horizontal fuel assemblies and with 7 heat up stages with
intermediate mixing.

3.5 Core design concept

A concept for such a core design has been described by Schulenberg and Otic (2012). The fuel
assembly design is taken, in principle, from the HPLWR. Forty fuel rods with 8 mm outer diameter,
but with 1680 mm active length only, are placed inside a square assembly box of 67.5 mm inner
width. The fuel rods are wrapped by a wire of 1.34 mm diameter and 200 mm pitch as a spacer,
which showed to provide good mixing inside the assemblies during the HPLWR project. In the
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centre of the rod bundle is a square space for a moderator box with 26.9 mm outer width, as we
can see in Figure 12.

Figure 12: Rod bundle (wires removed)

The outer assembly box (Figure 13) is designed as a sandwich with a stainless steel liner of 0.4
mm thickness on the inside, facing the hot steam, a zircalloy structure with 2.5 mm thickness on
the outside, facing the moderator, and a thermal insulation of yttria stabilized zirconia (7% YO in
ZrOy) with a thickness of 4 mm and a thermal conductivity of around 2 W/mK in between. The
inner moderator box is designed similarly, with a stainless steel liner of 0.4 mm thickness on the
outside, a zircalloy structure with 0.8 mm thickness on the inside, and a thermal insulation of 2
mm thickness in between.
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Figure 13: Assembly and moderator boxes made of Zircalloy-4 with a thermal insulation of
Zirconia and a thin stainless steel liner on the hotter side each.

The moderator box (shown in pink colour in Figure 14) has cylindrical extensions on both
ends, which shall penetrate the end plates after installation. The assembly box, shown in yellow,
shall be welded with its square end into the head end tube sheet of the reactor core. A cylindrical
extension at the opposite foot end will allow a sealing element such that the assembly box can
freely expand when it warms up.
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Figure 14: Head end (top) and foot end (bottom) of the fuel assembly.

The fuel rods are fixed in the head piece, shown in blue colour in Figure 14. Vertical grid
plates and horizontal bolts are keeping the fuel rods in place. The rods can freely expand towards
the foot end when getting hot. Headpiece and assembly box are not connected. Instead, the
assembly box is assumed to be welded into the tube sheet, where it remains during fuel shuffling.
During refuelling, the rod bundle can be pulled out by the head piece. The headpiece will need a
spring element (not shown here yet) to be pressed by the end plate against the tube sheet.

3.6 Structures around the reactor core

A conceptual design of the structures around this core box shall fulfil the following general
design requirements.

1. After the feedwater, considered here with 28
pressure vessel, it needs to purge the entire pressure vessel from inside to keep it at a
uniform temperature of about 280 AC.fofthei s r e
large O-ring in the reactor flange, which does not allow much thermal deformations of the
reactor pressure vessel to remain leak tight.

2. Following this task, the feedwater serves as moderator water in the gap volume between
the assembly boxes, inside the moderator boxes and inside the reflectors. Therefore, its
temperature must be kept well below the pseudo-critical temperature.

3. Temporary temperature changes of this moderator water might change the local power
distribution inside the fuel assemblies. Therefore, the moderator water shall have a stable
temperature distribution, in particular also in the large gap volume between the assembly
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HECC

boxes. Otherwise, roaming hot spots due to natural convection phenomena could cause

instabilities of the core power distribution.

4. Like between the heat-up steps of the reactor core, the coolant should be well mixed
before entering the first heat-up step.

5. Last but not least, the moderator flow path should be kept simple to enable a natural
convection loop for residual heat removal.

These design requirements can be met, in principle, with a moderator flow path as
indicated in Figure 15. After entering the reactor pressure vessel, most of the feedwater shall be
directed downwards to the lower plenum and only a small fraction, e.g. 20 kg/s, to the upper
plenum. Orifices on the way upwards can optimize the flow split as needed. The moderator water
through the fuel assembly gaps and through the reflector shall rise upwards from the lower plenum
to yield a stable temperature distribution inside the gap volume: cold on bottom and warm on top.
With 11.3 MW of heat transferred over the assembly box walls, the moderator water will not
exceed 300 AC in average. After being mixed
moderator water shall run horizontally through the 400 parallel moderator tubes. The heat-up
there may differ significantly and mixing of the moderator water shall be foreseen before entering
the reactor core at the bottom.

280°C
25 MPa
145 kg/s | 20 kg/s Upper 296 °C Steam 500°C
| plenum 145 kg/s plenum
11.3 9
MW MW
125 kg/s ' .'
p RPV Gaps Moderator Cool 20.3
urgg ‘ Reflector between FA tubes inside , ‘?O ant MW
from inside boxes FA inside FA
308 °C
145 kg/s
Lower
Mixing
plenum

Figure 15: Principle sketch of the moderator flow path.

The following figures shall give a first impression of how such a flow path can be realized.
Please note, however, that these are only sketches to illustrate some basic design features. They
should not be considered as drawings.

A sketch of the reactor pressure vessel (RPV) is shown in Figure 16. The reactor closure
head has been removed. In this example, two feedwater lines and two steam lines are foreseen,
but the design could be modified as well to more or less feedwater and steam flanges, if needed.
Like with the HPLWR, a core drum, shown in grey, is suspended in the reactor flange. Four fins,
acting as a radial alignment of the core drum, are foreseen in the lower plenum of the RPV.
Orifices in the suspension ring, of which just four ones are shown as examples here, determine
the mass flow of feedwater penetrating to the upper plenum. The hot steam lines must be shielded
from the RPV by coaxial steam pipes, shown in red, like with the HPLWR design. The core box,
including the reactor core, may be inserted into the core drum from above. Four rails on the inside
of the core drum shall help to align the core box precisely.

Wi

tt



ECC-SMART Project . ECC

D3.3 Report on the preconceptual studies on the core layout and passive safety © smart
concept of the SCW-SMR

Core drum Core box

Orifices
to upper
plenum

2 feedwater
2 steam lines

lines

Figure 16: Sketch of the reactor pressure vessel, empty (left) and with core drum and core box
inserted (right). Reactor closure head removed.

The core drum is designed with a double bottom with penetrations as shown in Figure 17.
A large square window in the bottom allows the moderator water from the lower plenum to reach
the gap volume between the assembly boxes. Additional orifices on both sides adjust the mass
flow of moderator water given to the reflector. Their number and diameters can be modified as
required for each specific reflector design.

The lower plate of the core bottom has been colored in green to differ it from the upper
plate. In a top view, Figure 17 and Figure 18, left, we see that the upper plate has two additional
large openings: One for the moderator water coming from the outlet plenum of the horizontal
moderator tubes, and another one leading to the inlet header of the core, shown in Figure 11. If
the green bottom plate is removed, we see in Figure 18 (right) from below that moderator water
is guided through two mixing channels from the outlet plenum of moderator tubes, around the
square window and around the reflector water supply channel, to the core inlet.
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Orifices for moderator Bottom view

Top view water to reflectors
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Figure 17: Design of the core drum with double bottom.

Bottom view
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Toinlet header
of fuel
assemblies

To inlet header
of fuel
assemblies ™
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of moderator tubes Mixing channels

Figure 18: Flow path from the outlet plenum of moderator tubes to the core inlet header inside
the double bottom of the core drum.

A top view of the total arrangement of RPV, core drum and core box (Figure 19), is showing
now how the moderator water rising upwards between the assembly boxes is first merged above
the core with water from the two reflectors and released downwards then to the inlet plenum of
moderator tubes on the left side. The outlet plenum of moderator tubes, on the right side, is closed
by the top plate of the core box, but open to the bottom instead. Consequently, the moderator
water is driven from left to right through the moderator tubes, i.e. from foot piece to head piece
like the coolant.

The reflector volume is shown here just as an empty space, filled with moderator water,
but it may as well be filled with a solid reflector material instead, e.g. with beryllium pebbles. In
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this case, cover plates with penetrations will be needed the on top and bottom of the reflector to
keep the pebbles inside.

e, Steamlines
View from top
RPV closure head removed

Reactor prassure vessel

Core drum

A .
- l --  Feedwater lines

AL

Inlet plenum of Core box

moderator tubes .
" Fuel assembly boxes

Reflector

I
I

Figure 19:Top view of the total arrangement of RPV, core drum and core box.

Two vertical cross sections, of which one is taken through the feedwater lines (A-A) and
another one through the steam lines (B-B), shall illustrate this flow path from a different view,
shown in Figure 20.

Cross section A Cross section 8
through through steam
feedwater flanges
flanges

C, W Bl e ©

D, g | w S L

Figure 20: Vertical cross sections through the reactor.
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Most of the feedwater supplied through the two feedwater flanges is supplied through the
downcomer to the lower plenum, and only a small part is entering the upper plenum through the
orifices of the core drum. Control rods, theirs drives and their guide tube assembly above the
reactor core are not shown yet in this sketch. From the lower plenum, the moderator water is
rising through the square window of the bottom of the core drum, and through the gaps between
the assembly boxes. Both parts are merged above the reactor core, as shown in Figure 20, right.
Figure 20, left, shows that the water running through the horizontal moderator tubes can enter
from above on the left side and can be released to the bottom on the right side. From there, it
flows around the bottom window of the core drum to the core inlet header on the left.

Two horizontal cross sections, of which Figure 21 is taken at the core top (C-C) and Figure
22 through the double bottom of the core drum (D-D), are illustrating this flow path again. The
inlet plenum of the moderator tubes appears in gray in Figure 21, because it is closed at the
bottom, and the outlet plenum appears in green, because it is open at the bottom, giving view
onto the green bottom plate of the core drum.

Three rod bundles and their moderator tubes are installed exemplarily to illustrate how the
moderator tubes are connected with the inlet and outlet plenums. The three orifices at the bottom
of each reflector appear in brown color, as we are looking down there to the RPV bottom. Figure
21 can show as well that the four rails of the core drum are not only needed to align the core box,
but also to minimize a bypass flow from the inlet to the outlet plenum.

Cross section C-C Steam mixing
at core top _~"channels
~ Reflector

o]
Outlet plenum of
" moderator tubes
3 8 2
g & 8
Core drum
o o (5] T~ Downcomer

— "~ Rails

Inlet plenum of moderator tubes

Figure 21: Horizontal cross section above the reactor core, looking downwards.

With 20x20 fuel assemblies, the core has a width and a height of 1940 mm each.
Depending on the size of the steam mixing channels, the core box may have a diameter of around
3420 mm. The diameter of the core drum may by around 3660 mm then. The size of the
downcomer may be somewhat smaller than indicated here, resulting in an inner diameter of the
RPV of around 4 m.
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The cross section D-D through the double bottom of the core drum in Figure 22 is
illustrating its internal welded structures, the open window for the moderator water to the assembly
gaps and the orifices for the two reflectors.

__~ Feedwater mixing
channel

~ Downhcomer

Feedwater mixing
channel

Figure 22: Horizontal cross section D-D through the double bottom of the core drum, looking
downwards.

This design concept has been analysed with system codes within this project to check if the
envisaged passive safety features can indeed be achieved.
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4 Early analyses of passive safety aspects by the University of Pisa

4.1 Focus of the work

The analysis of the proposed SCW SMR in charge to the University of Pisa concerned the
conceptual investigation of passive safety aspects such as natural circulation in the event of
accidents like a long-term station blackout. Considering the complex flow paths involved in the
novel proposed plant configuration, the attention was focused on the modelling of the behaviour
of the flows in the vessel, given tentative choices for the passive systems to be included in the
reactor plant. Indeed, the relatively small thermal power of the reactor core (290 MWth), in the
range of one tenth of current, even passive reactor systems, leaves no reasonable doubt about
the possibility to provide a sufficient heat sink for releasing the decay heat to the outer
environment, e.g., by the use of the mentioned isolation condenser or by any suitable passive
residual heat removal system of sufficient size.

Therefore, the main attention in the performed work was put on the analysis of the flow
paths established by natural circulation in the reactor vessel whenever a sufficient sink for the
decay heat is assured. Components of the passive systems have been identified by reasonable
estimates of their characteristics, just checking that the assumed features could be sufficient for
assuring a reasonable thermal behaviour of the reactor in the long term. A detailed optimisation
and design of the passive systems is deferred to a further phase, once additional details of the
reactor system will be defined (e.g., presence and location of control rods with their drive
mechanisms, specific choices for the flow distribution, etc.).

The analyses here reported have therefore the worth of targeted calculations suggesting
the forced and natural circulation behaviour of a new reactor configuration that departs from those
of currently operating reactors, e.g., for the presence of the multiple passages with horizontal
channels in the core of a vessel type configuration.

4.2 Adopted RELAP Code Versions

The reactor proposed by Schulenberg and Otic (2021) was firstly modelled by the use of the NRC
version of the RELAPS5 code (SCIENTECH Inc., 1999; RELAPS5 Code Development Team, 2001).
By this version of the code also first analyses of NTUU experimental data about 1-rod, 3-rod and
7-rod bundle mock-ups (Razumovskiy et al. 2009; Razumovskiy et al. 2016), kindly provided by
IPP, were performed as reported in Ambrosini et al. (2022).

The NRC version of the code was also used for coupled neutronic and thermal-hydraulic
analyses performed in the distance with the cooperation of researchers of BME involved in WP4
(Bogl 8rka Babcsg8ny), using the Ser pe0ds) with thc ode |
thermal-hydraulic parameters calculated by RELAPS5, in order to obtain the reference power
distribution along the different core stages that was used for the calculations since that time on.
In this respect, though it is clear that the later use of a slightly different version of the code as well
the changes in the boundary conditions for the different analyses and/or consideration of
beginning- or end-of-cycle conditions should suggest repeating these coupled analyses for each
particular case, this was considered of lesser importance for the objectives of the work presented
herein and the obtained power distribution was considered sufficiently representative of reference
reactor core conditions.

After repeated trials to perform depressurisation transients from supercritical pressures to
subcritical ones by the NRC version of the code, including the use of more refined property tables,
it became clear that it was impossible to perform the intended analyses of the long-term station
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black-out with this code version. Depressurising below the critical pressure from supercritical ones
represents a well-known problem for system codes, since the critical point of any fluid exhibits
singularities, especially in the derivatives of thermodynamic properties, that play a deleterious
role in time advancement algorithms of the pressure-velocity coupling type, needing to predict the
pressure field on the basis of coupled momentum, energy and mass balance equations. This
problem represented a clear challenge for the initially adopted version of the RELAP5 code that
could not be overcome at user level, having neither access nor the requested knowledge and
authorisation to make changes to the source code. Efforts were repeatedly spent in trying to
circumvent the issue by the selection of the limited available user options, but this finally resulted
ineffective.

Therefore, a specific cooperation agreement was established with Innovative Systems
Software, L.L.C. (ISS) in USA, in order to be allowed to make use of the RELAP/SCDAPSIM code
(SCDAP/RELAPS5 Development Team, 1998; Allison and Hohorst, 2010), still under maintenance
and development, thus also benefitting of the cooperation of developers to receive support in
solving numerical problems. This decision to revert to RELAP/SCDAPSIM allowed to fulfil the
contractual commitment of making use of RELAPS in the planned analyses, while also allowing
the promised improvement of existing modelling tools to be performed in the frame of the ECC-
SMART project.

In fact, the cooperation with ISS gave rise to a specific version of the code that could solve
the problems encountered during the analysis of the station black-out transient and also to provide
the user with a generalised heat transfer correlation, to be used only at supercritical pressure,
encompassing the form of many existing correlations for supercritical fluids, based on the
madification of the Dittus-Boelter (1930) relationship by the correction with several property ratios.
The implemented correlation has the form:

ay ds dg C dq Cf g
kh (X/Dh) p,, Juh kh Cp.h Cp.h (1)

where the coefficients and exponents &, C and n can be specified by the user via the input deck

for each heating structure. In particular, the implementation of correlations by Bishop et al. (1965)
and Mokry et al. (2011) can be performed in the form shown hereafter:

T Bishop et al
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It must be noted that the features to operate over critical pressure were introduced in
RELAPS5 long ago by code developers. While the code was mostly prepared for simulating
depressurization across the critical point, it did anyway require some fine-tuning. The recent

u
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actions to improve convergence across that discontinuity primarily consisted of introducing fixes
to the pre-existing code, without adding any specific mechanisms or techniques. These fixes were
related to some exceptions in evaluating the internal energy of supercritical water, with some
specific time-step control options that could lead to unphysical values and to some exception in
the calculation of heat transfer to the gas phase that had to be treated in a specific way in the
case of supercritical pressures, where a gas phase basically does not exist. Moreover, the event
of crossing of the supercritical pressure had to be dealt with better care, to avoid excessive time
consumption in the time steps where this event occurred.

Owing to the continuous cooperation with ISS, the version of the RELAP/SCDAPSIM code
used for the present analysis is evolving, further customising and improving its characteristics.
The results presented herein are those obtained by the version released to the University of Pisa
in July 2023 and adopted for the present sensitivity analyses.

While a more detailed description of the improvements that the code underwent to is
planned to be proposed in deliverable D3.4, to be released by month 51 in the project, hereafter
an example of its new capabilities is reported in relation to a few of the cases of the mentioned
NTUU experiments which were analysed by the Mokry et al. (2010) and Bishop et al. (1965)
correlations.
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Figure 23: Sample results of the application of RELAP/SCDAPSIM to selected NTUU data

Figure 23 shows the results obtained for some of the cases identified in Ambrosini et al. (2022)
suggesting that the Bishop et al. correlation has sometimes the possibility to catch mild
deterioration trends, while the Mokry et al. one tends to provide highly deteriorated behaviour,
with jumps also observed by IPP and BME in the application of their 1D codes to the same data.
These results, which have been partly reported in Deliverable D3.2 (Zhao et al., 2023) only for
the ones obtained with the NRC version of RELAP5, show the mentioned jumps which were
explained in a recently published joint paper (Varju et al., 2024) as a consequence of the presence
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of multiple solutions identified by searching for the zeros of correlations in which thermodynamic
property ratios appear as a function of wall temperature. While the reader is referred to the
published paper to consider the exact characteristics of the sample problem referred to in Figure
24 and Figure 25, it is here remarked that the contour plots in the two figures identify the actual
loci of the zeroes of the correlation (i.e., the actual predicted wall temperature), while the charts
represent what a 1D model, as the applied system codes are, would likely to predict in the
presence of multiple solutions (see the case with the Mokry et al. correlation), i.e., a jump to the
one of the admissible manifolds that results more stable for the combination of conductive (if any)
and convective heat transfer models. In the analysis of the full set of data, it became apparent

that the Bishop et al. correlation is less prone to this phenomenon and generally represents a
more realistic trend of wall temperature.
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Figure 24. Prediction of a sample case by the Bishop et al. correlation: chart and contour plot
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Figure 25. Prediction of a sample case by the Mokry et al. correlation: chart and contour plot

The above considerations suggested to BME, which together with IPP conducted a very extensive
analysis of correlations, and later to the University of Pisa as well to make use of the Bishop et
al. correlation in the application of their system codes for plant analyses, though the horizontal
bundle configuration would certainly need the use of a specific correlation for bundles with that
particular geometrical orientation. In this regard, the capability of both Apros and

RELAP/SCDAPSIM to apply user defined correlations represents a useful feature in view of future
studies.
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4.3 Developed SCW SMR nodalisation
4.3.1 Vessel Flow Paths Nodalisation

Modelling the vessel flow paths as described in Chapter 3 was started at the University of Pisa in
January 2022, even before the release of CAD data and then was made more precise of the basis
of this updated information. Indeed, the topology of the system is by far more complex than the
one of usual nuclear reactors, owing to the presence of the multiple core passages. Given this
complexity and the requirement to define channels at properly matching heights at the seven
stages for both the moderator channels and the fuel cooling ones, the nodalisation of the latter
was started first, assuming the cooling system separated from the moderator one. This justifies
the use of lower numbers adopted as labels for identifying the fuel coolant hydraulic components,
at the right of Figure 26, with respect to those used to label the moderator flow paths at the left of
the same figure. The two nodalisations are actually composing a single fluid system, as the
Abrancho 480, representing the [ ast volifusnengplfe t
junctiond to the ndbr ancliave@cally spht inlet plientninforthalewerl 0 r e |
stage of the fuel channels. It must be mentioned that the strategy for modelling the system was
discussed in several steps with BME though, owing to the adoption of different codes and specific

choices in modelling features, the two models are somehow different.
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Figure 26. Sketches representing the subdivision into hydraulic components
of the moderator flow path (left) and of the fuel coolant flow path (right)

For making easier to understand the model, we start here from the moderator flow path sketch

reported at the left of Figure 26. The Atime dependent volumeodo 900
complex system simulating the feedwater pipe with the injections coming from the outlet of the

Isolation Condenser and the Accumulatorsystem( see bel ow) is connected v
junctiond assigning the flow rate to the vol ume

feedwater flow into the two streams intended to be directed to the upper and lower downcomer.

The upperdownco mer is represented by the Apipeodo 780, w
810. The fAisingle junctionodo connecting the pipe
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upper plenum, is sized to represent 12 orifices having a diameter of 0.1 m. This choice was made
early in the steady state analyses to obtain the specified flow rate of 20 kg/s initially intended to
keep the upper shell of the vessel dome at the same temperature of the FW line, though it was
later noted that this flow rate could not be achieved so easily owing to buoyancy phenomena that
superpose to the pressure driving forces, making the flow through the orifices even to invert under
some specific conditions. This aspect will be matter for discussion later on.

Following the path of the flow along the lower downcomer (pipe 810), the fluid reaches the
lower plenum (branch 820), where two single junctions split the flow rate into the stream directed
through the upward moderator flow path (pipe 830), simulating the flow streaming through the
outer boxes of the fuel elements, and the one passing through the two reflector volumes,
simulated by a single hydraulic component (pipe 850). The junction connecting the lower plenum
(820) to the bottom of the reflector (850) was sized to represent 6 orifices having a diameter of
0.08 m each, assumed to be three on one side of the reflector and three on the other. The flows
exiting from both the upward moderator flow paths through the outer boxes of the fuel elements
(830) and the reflectors (850) join in the branch 834, connected by a single junction to the branch
750 which receives (or supplies) flow from (to) the upper plenum branch 760. The net flow rate
from these flow paths is then directed by a single junction to the branch 720 that represents the
first of a stack of branches (from top to bottom, numbered as 720, 690, 660, 630, 600, 570, 540,
510) that represent the inlet plenum for the seven stage moderator channels located in the centre
of the fuel elements. Each one of these branches is connected by a single junction to the lower
one (except for the 510, being the last one and then a blind volume); two single junctions depart
from each one of the upper branches to feed flow into the inner moderator channels that, in

simlarity with the fuel cooling channel s, have
and Ahot 0 c hpittmydederves somd further clarification provided hereafter.

Since the very beginning, the need was
channels in order to consi dedistriliutioes, irdadditioreto the t

vertical one. This is the usual way in which vertical bundle reactor cores are treated in modelling,
in order to represent both the average conditions and the peaking ones. Here the concept was
combined with the one of the seven-stage core, resulting in average and hot channels at each of
the seven stages. Needless to say, this represented a considerable difference with the usual
description of reactor cores, resulting in the need to have 14 inner moderator channels and 14
fuel coolant flow channels in the nodalisation.

As it can be noted in the right part of Figure 26, considering that the first three stages from
the core bottom (1 to 3) are composed by two rows of fuel elements (i.e., 40 fuel elements), the
average and the hot fuel coolant and moderator channels represent 35 and 5 fuel elements
respectively; stage 4 and 5, instead, having there rows (i.e., 60 fuel elements) are split into 55
and 5 average and hot channels; finally, the stages 6 and 7, having four rows (i.e., 80 fuel
elements) are split into 75 and 5 average and hot channels. In other words, five fuel elements
have been assigned to the representation of the hot channels at all the stages and the rest are
used to represent the average ones. As mentioned, this complexity applies to both fuel coolant
and the inner moderator channels and to all the multilayer interfacing structures, resulting in a
great number of hydraulic components and heating structures to be represented. A greater
complexity was chosen by BME in their Apros

Afaverageodo and Acol do channels was chosen for

thermal-hydraulic and neutronic coupling; such a choice was not considered feasible with
RELAPS after the effort made to have a rational numbering of components also for the difficulty
to assign the proper numbering to the additionalic ol do channel s.
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Resuming the description of the moderator flow path, the above-mentioned junctions from
the branches representing the i nlirdecrepsingardemof

ead

stageas 696 and 706 (fAaver &7 Gdem)abR6dandiohedidem), 606 &hd 6 a n

616 (idem), 576 and 586 (idem), 546 and 556 (idem), 516 and 526 (idem). As it can be noted, it
was necessary to use a very well-established rationale for the numbering, in order to avoid as far
as possible errors and to number the heating structures shared by moderator and fuel coolant
channels in accordance.

In similarity with the inlet moderator plena, the outlet moderator ones were represented by
a stack of fbrancheso connected by junctions with the inner moderator channels and with each
other. In particular, from top to bottom, the branch 740 (which is blind at the upper end) and the
branches 710, 680, 650, 620, 590, 560 and 530 receive the flows coming from the inner moderator
channel s (Aaverageo and Ahot 0) as the braoch Vo@0y
representing a plenum at the inlet of the double bottom, routing the resulting flow to the pipe 490,
which actually represents the two curved flow paths embracing the window of the upward
moderator channel, ending in the mentioned branch 480, finally connected to the inlet plenum of
the first stage of the fuel channels (branches 8 and 10).

The connections between branch 8 and 10s
at the first stage (pipes 16 and 26) have been made in such a way as to avoid that volume 10 is
idle, i.e., not washed by the fluid coming from the moderator flow path; therefore, branch 8 is
connected to branch 10, from which two junctions depart for the pipes 16 and 26. Then, the fluid
is heated by t he fuelanddérhamgnaxed iratme drarfth30,tbéing then routed
back to the inlet plenum 40 at the next stage by the returning channel 36, and so on for the other
stages. In other words, the sequence of hydrodynamic components describing the seven stages
of the fuel coolant channels is as follows:

1 First stage: inlet plena 8 and 10, average and hot channels 16 and 26, outlet plenum 30,
returning channel 36;

I Second stage: inlet plenum 40, average and hot channels 46 and 56, outlet plenum 60,
returning channel 66;

9 Third stage: inlet plenum 70, average and hot channels 76 and 86, outlet plenum 90, returning
channel 96;

9 Fourth stage: inlet plenum 100, average and hot channels 106 and 116, outlet plenum 120,
returning channel 126;

i Fifth stage: inlet plenum 130, average and hot channels 136 and 146, outlet plenum 150,
returning channel 156;

1 Sixth stage: inlet plenum 160, average and hot channels 166 and 176, outlet plenum 180,
returning channel 186;

1 Seventh stage: inlet plenum 190, average and hot channels 196 and 206, outlet plenum 210.

Out from the seventh stage, the provisional nodalisation involved a steam plenum (220) and a

time dependent volume (260) for assigning the outlet pressure condition, assumed for reference

at 25 MPa. This part of the nodalisation had to be changed later to introduce an actual steam line

with the tee junction for the | solation Condense

d

t he

steam | ine and open the Abytowasgsdgen). (or automatic

Likewise, also the feed water system, here represented only by the time dependent
volume 900 and by the related time dependent junction for assigning the 145 kg/s of nominal flow
rate, had to be substituted by a more realistic feedwater line, with the tee junctions for
representing the return of fluid from the Isolation Condenser and the injection from the

d
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Accumulator system, introduced in order to have a passive injection suitable to cope with station
blackout conditions.

4.3.2 Nodalisation refinement and extension for passive system

Once completed the description of the most important flow paths via the topology described in
the previous section, it was then necessary to check the geometry of the components, introduce
heating structures to more accurately represent the heat transfer connections between adjoining
volumes separated by plates (this reactor concept has a lot of such features) and to represent the
feedwater and the steam line with the previously mentioned passive systems. The latter were
namely an Isolation Condenser, an Accumulator and a Gravity Driven Injection system. The work
was made in two steps, in the frame of a grant assigned to a young engineer (Hassan et al., 2022)
and of a MSc thesis in Nuclear Engineering (Chaaraoui, 2024).

S

Figure 27. Representation of the whole reactor system including feed-water and steam-line, as
well the Isolation Condenser(s), the Accumulator(s) and the Gravity Driven injection system
(not represented to scale)

Figure 27, obtained with the RHYS software from ISS, represents a complete view of the reactor
system equipped with a more complete feedwater line, a steam line, the Isolation Condenser and
the Accumulator. The Gravity driven injection system is not represented to the real scale.
Actually, the feed water and the steam line represent with single hydrodynamic
components two real components, something obtained by specifying the actual hydraulic
diameter and length with a doubled area and doubled heat structures for modelling their shells.
The same applies to the Isolation Condenser and the Accumulator system, obtained with single
components with doubled flow areas.
In particular:
1 the steam line is obtained with a first 3 m long (double) pipe (230), a 0.5 m long (double)
branch (240) and another 3 m long (double) pipe (250) leading to two motor valves
representing the Main Steam lIsolation Valve, connected to a downstream time dependent
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volume, and the Depressurisation Valve, connected to another downstream time dependent
volume; the diameter of the pipes is 0.2 m;

1 the feedwater line is modelled in a similar way (time dependent volume 900, time dependent
junction 905 for injecting flow rate, pipe 910, branch 920, pipe 930) and with a diameter of 0.1
m;

9 the Isolation Condenser (IC) is also modelled as a double unit with a pipe (870) departing
from branch 240, having a diameter of 0.2 m, a vertical length of 12.5 m and a horizontal 1 m
length leading to the IC collector branch (876); IC pipes (880) (2 cm in diameter with a 2 mm
wall thickness) have a length of 1.5 m and are in number of 200 for 2 units (i.e., 400),
terminating with the outlet collector (886), from which a downward vertical pipe (890), having
a length of 10.2 m and a diameter of 0.1 m is finally connected to the branch in the feed water
line (920); the isolation condenser pipes have a thickness of 2 mm and on the external side it
is assumed to exchange heat with a fluid at 30
coefficient equal to 10,000 W/(m?K);

1 the accumulator is assumed to be spherical and also to represent two units; it is loaded with
nitrogen at 4.8 MPa and has an overall initial liquid volume of 44.2 m?3, filled with water at 30
AC.

It must be mentioned that the above modelling assumptions may result slightly different from the

ones assumed by BME, though they are very similar.

The nodalisation as a whole totals 937 control volumes, 959 junctions, 1337 heating
strcutures and 26740 heat conduction mesh points.

4.4 Steady-state calculation procedure

The steady-state analysis with the code is initiated by first starting the feed water flow rate and
then increasing the power to the rated value. In particular:

1 the flow rate is increased from zero to 145 kg/s in 10 s from the calculation start;

1 then the power is increased to the rated value of 290 MWth from 100 to 200 s, leaving the

system to stabilise up to 2000 s.

The power distribution adopted for the seven average and hot channels, obtained by the
mentioned interaction with the neutronics group of BME, is reported in Figure 28 where it appears
assigned in each one of the 20 axial nodes in which the fuel element is horizontally subdivided at
each stage.
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Figure 28. Power distribution along the 20 node elements at each stage
and per each fuel assembly

Since the stages are ordered from bottom to top of the reactor core (from 1 to 7), the figure
provides at the same time a representation of the power distribution in the horizontal and in the
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vertical directions. Though this power distribution may further change owing to details of the flows,
requiring a coupled thermal-hydraulic and neutronic analysis at each different configuration, it
was considered a reasonable reference for the purposes of the present thermal-hydraulic
analyses.

After using for some initial calculation tests the standard correlations embedded in the
code for supercritical pressures (Mode 1 of heat transfer), it was then adopted the Bishop et al.
(1965) correlation that, though conceived for vertical flow, tends to provide more conservative
values of cladding temperatures, exploiting the development achieved in the RELAP/SCDAPSIM
code purposely for the work to be done in the frame of ECC-SMART. As an example of the
consequences obtained by this change, Figure 29 provides a comparison of the temperature
levels reached during the 2000 s of steady state analyses:

Cladding Temperature in Mid Hot Channels Cladding Temperature in Mid Hot Channels
900

850

500 1,000 1,500 2,00C 0 500 1,000 1,500 2,000
Time [s] Time [s]

a) standard correlation b) Bishop et al. correlation

Figure 29. Cladding temperature in the middle of the cooling channels obtained
during steady-state initialisation by the standard correlation in RELAP/SCSAPSIM
and by the Bishop et al. correlation

First calculations were also run with uniform inlet pressure drop distributions in average and hot
channels, providing an uneven power-to-flow ratio partitioning in cooling fuel elements
characterised by different average linear powers. This gives rise to different fluid and cladding
temperature levels, as shown in Figure 30.
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Figure 30: Steady-state distribution of core temperatures with even core singular pressure drop
distribution
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Figure 30, in which it must be noted that the number of sequential nodes is larger than 140, owing
to the presence of unheated nodes (corresponding to the fuel gas plena) and to the inlet and
outlet plena, is helpful in highlighting some features that are consequence of the specific
arrangement of the reactor core in seven heating stages:

1 without optimisation of inlet orifices, the bulk fluid temperatures are different along average
and hot channels, though, owing to the mixing provided by the presence of common plena
and returning channels, the values of the temperatures of the two streams are homogenised
at each step: this is the main reason for pursuing a seven-passage structure of the reactor
core, trying to reduce peaking factors;

1 the evolution of cladding temperature along the average and hot channels is consequently
different; in the figure, the reaching of the pseudo-critical temperature at the cladding surface
appears to occur at the second stage for both average and hot channels; this effect is
highlighted by an apparent discontinuity in the slope of the wall temperature, close to the value
of the pseudocritical temperature at the local pressure (beingar ound 385 AC) ;

9 the bulk fluid temperatures, instead, reach the pseudocritical point somehow later, between
the second and the third stage, where the classical flattening of the bulk fluid curve is
observed, owing the maximum reached by the specific heat.

Concerning the pressure drops along the reactor core channels, the presence of wire
wraps had to be taken into account. In the lack of a specific correlation for such kind of spacers
available in the code, it was considered reasonable to make use of the definition of surface
roughness in order to approximately account for them. Figure 31 reports the results of a sensitivity
analysis aimed to highlight the effect of this parameter, showing the consequences it has on the
pressure distribution. On the basis of early considerations, also made in comparison with the
single channel data proposed by Schulenberg and Otic (2021), it appeared reasonable to choose
the value of 30 mm as an approximate value representing the expected effect of the wire spacers,
to be adopted in subsequent analyses.
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Figure 31: Pressure trends along the reactor core average and hot channels
at different values of surface roughness
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The discussion of the effect of roughness on pressure drops gives the opportunity to
introduce the flow distribution observed in the reactor vessel during steady-state analyses. As
shown in Table 1, in the presently adopted code model the nominal feed water flow of 145 kg/s
could not be split, contrary to what suggested in the preliminary proposals, into 20 kg/s routed to
the upper downcomer (DC) and then to the upper plenum via the orifices placed between them
and 125 kg/s flowing downwards to the lower plenum via the lower DC. Instead in the present
configuration the flow through the upper DC orifices is negative, i.e. from the upper plenum to the
downcomer, thus joining the feed water flow on its way to the lower plenum.
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Table 1: Flow rates in various flow paths for a nominal feed water flow of 145 kg/s and different
values of the roughness parameter assumed to simulate the wire wraps

This effect, was noted in early calculations and is due to the establishment of buoyancy
effects when the moderator flowing through the fuel boxes in the upward motion from the lower
plenum to the upper plenum is heated up, so decreasing its density.

Figure 32 illustrates this behaviour, shown in the early phases of calculation initialisation.
In particular, remembering that the calculation is started by initiating the FW flow at zero power
conditions and then starting the heating with a ramp up to the rated power of 290 MWth, the initial
flow rate through the orifices nearing 50 kg/s decreases becoming negative though small in
magnitude. In repeated analyses, it was noted that the phenomenon is quite sensitive to the
pressure drops encountered by the moderator through the fuel boxes and, in some analyses
conducted with an incomplete description of the heating of the moderator, the flow though the
upper DC orifices could become positive, though small.
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Figure 32: Behaviour of flow rates during steady-state initialisation
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In relation to this aspect, the present understanding suggests the following considerations:
1 per se the fact that flow rate from the downcomer to the upper plenum is positive or negative
is not too important, because the moderator temperature that possibly will be in contact with

the upper vessel shell in case of negative

water one, creating little problems from the structural point of view, e.g. in terms of distortions
and/or leak tightness of the flange surfaces;

1 little details in the actual configuration of the system, not considered at the moment, may
strongly influence the repatrtition of flows in the downcomer;

9 increasing either the pressure drops in the lower downcomer or in the one guessed in the
upward moderator channel, e.g., by the presence of obstructions for the placement of control
rods, or the inlet flow rate may definitely change the situation.

As an example of the effect of the latter provision, Table 2 shows that increasing the feedwater

flow rate to 150 kg/s is effective in reversing the sign of the flow rate in the upper downcomer,

resulting in a situation closer to the one initially envisaged.
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Table 2: Flow rates in various flow paths for a nominal feed water flow of 150 kg/s and different
values of the roughness parameter assumed to simulate the wire wraps

In front of the previous considerations and of the sensitivity to details of the boundary
conditions to be defined in a more advanced phase of the pre-conceptual design, it was not
considered necessary to artificially modify the pressure drops at the bottom of the dowcomer or
in the upward moderator flow path though the fuel boxes, accepting the slight deviation from the
initial planned flow path distribution obtained with a feedwater flow of 145 kg/s.

As above anticipated, it was then considered useful to explore the effect of the use of an
uneven orifice distribution at the hot and average channel inlet. As known, it is a quite widespread
practice for Boiling Water Reactors (BWRs), but also in some SCWR design (Oka et al. 2010), to
recur to channel inlet throttling in relatively low power regions of the reactor core in order to make
more even the distribution of the power-to-flow ratio, thus avoiding reaching high power peaking.
Indeed, the choice of throttling should be based on a better detailed regional description of the
reactor core than possible with only faveragedand fhotdchannels, also considering the evolution
of the neutron flux distribution during fuel depletion. However, the present attempt has the value
to provide an estimate of the advantage that can be achieved by the application of such well-
known technique.

Figure 33 shows the results obtained by adjusting the singular pressure drop coefficients
at the inlet of the average fuel channels, in order to let more flow rate be directed into the hot
channels. As it can be noted by comparing with Figure 30, this provision is effective in decreasing
the maximum cladding temperature obtained during steady state conditions. Figure 34 shows the
corresponding fluid temperature distribution in the inner moderator channels at the different
stages, while Figure 35 reports the corresponding pressure distribution obtained by applying the
optimised orificing; indeed, the optimised flow distribution is obtained at the price of a higher
pressure drop across the core, at least in the case of such a rough description of the subdivision
between hot and average channels, making the moderator region of the reactor to operate at a

f
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pressure greater than 26 MPa, in the case in which a pressure of 25 MPa must be assured at the
turbine inlet, as it was assumed in our analyses.
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Figure 33: Steady-state distribution of core temperatures with optimised core orificing
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Figure 34: Inner moderator channels and plena temperature with optimized orificing

26.4

——Avg Channel

26 ——Hot Channel

Pressure [MPa]
N
u
o

25.4
25.2

25
0o 30 60 so 120 150 180

Sequential Node Number

Figure 35: Pressure distribution across the average and hot channels with optimised orificing
Being aware of the limitations of the analysis performed for the optimisation of the flows
by inlet orifices, it was tried to check the results obtained by the code by considering the resulting
flow rates in the average and hot channels in view of obtaining nearly the same power-to-flow
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ratio in both. The manual iterative procedure consisting in changing the pressure drop coefficients
at the inlet of the average channels was in fact performed just by considering at each step the
obtained fluid and cladding temperatures, aiming to reach a more uniform distribution as
presented in Figure 33; ideally, this should have led to the same hot to average power ratio per
bundle. As it can be noted from Table 3, this is approximately the case, with a slightly larger
deviation at the first stage, thus confirming that, within the limitations of the present analysis, the
adopted procedure to optimise inlet orifice coefficients achieved the intended results. Indeed, how
much such a procedure may be translated into a sound engineering practice in shaping the foot
of fuel elements in different ways to obtain similar results is a matter of further investigation.

A[vlgaég]]e [:'gc;;] How Ratio |Power Ratio

Stage 7 Total 129.700 | 15.362

Per bundle| 1.729 3.072 1.78 1.78
Stage 6 Total 132.440 | 12.617

Per bundle| 1.766 2.523 1.43 1.42
Stage 5 Total 128.420 | 16.643

Per bundle| 2.335 3.329 1.43 1.42
Stage 4 Total 129.530 | 15.527

Per bundle| 2.355 3.105 1.32 1.32
Stage 3 Total 122.480 | 22.578

Per bundle| 3.499 4516 1.29 1.31
Stage 2 Total 121.850 | 23.203

Per bundle| 3.481 4.641 1.33 1.32
Stage 1 Total 119.810 | 25.244

Per bundle| 3.423 5.049 1.47 1.56

Table 3: Flow rates at the various stages in the hot and average channels with optimised

orifices and comparison of the hot-to-average flow and power ratios per bundle

In order to complete the picture obtained by the results of steady-state analyses, Figure 36 shows
the distribution of the moderator temperature along the height of pipe 830, representing the flow
path among the fuel boxes. As it can be noted, the heat transfer from the insulated boxes pre-

heats the moderator

Figure 36: Fluid temperature along the upward moderator flow
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4.5 Transient analyses for the LTSBO

45.1 Base Calculation Case

The basic sequence of the transient to be simulated was discussed in the frame of technical
meetings of Work Package 3 of the ECC-SMART project and was implemented in
RELAP/SCDAPSIM code as described below.

)l

After reaching the steady-state conditions, at 2000 s the transient is initiated with coolant
pumps running down in 10 s and the steam line being closed in 3 s.

Reactor SCRAM then follows with a 2 s delay with respect to the start of the transient and a
decay heat curve is applied from that time on. The decay heat curve follows the trend specified
in Attachment 1 7 Decay heat Standards of Appendix K to 10 CFR 50 (3a. ANS94 proposal
w/ U235 only @ 2 sigma), integrated beyond 10,000 s with data reported by a well-known
textbook (Todreas and Kazimi, 2012).

Short term depressurization of the primary system, via a bypass line or an automatic
depressurization line inside the containment depending on the sequence of containment
closure, is assumed to take place with a parametrically imposed depressurization curve,
leading the system to subcritical pressure; the depressurization line is then closed when the
feedwater line pressure reaches 11 MPa (other values were anyway tried, e.g. 10 MPa, with
no significant difference in the resulting scenario).

An isolation condenser system, initially in cold low-pressure conditions, is assumed to be open
simultaneously to the closure of the depressurisation line, with 50 s of relaxation time to
account for the whole transient inertia and for possible delays in actuation.

The accumulator system starts the discharge of fluid at the rated pressure of 4.8 MPa, aiming
to compensate for the loss of coolant inventory due to the previous actuation of the
depressurisation line and, later, in response to the slow depressurisation caused by the
operation of the Isolation Condenser and to the related shrinkage of the cooled fluid.

Different calculations were run in order to simulate the behaviour of the system as a consequence
of this transient. A base case was run making use of the optimised orifices. Runs were made up
to different durations, with 12 hours being the most investigated period (reaching 45,200 s after
the transient start). Figure 37 reports the power computed by considering the exchanges with the
fluid through the various heating structures that refer to the fuel channel (fuel rods, boxes, etc.).
This computation was made in order to check that the power input was actually received by the
fluid, considering the complex flow paths present in the vessel and the several heat structures.
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Figure 37: Power exchanged with the fluid during the whole transient
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Figure 38: Pressure at various locations in the vessel

Figure 38 shows the trend of pressure in various regions of the vessel as obtained in the
computations. The actuation of the depressurization line, closed after about 90 s from its opening
due to reaching the pressure setpoint, is effective in bringing the reactor at subcritical pressure.
The subsequent opening of the Isolation Condenser inlet and outlet valves could be done only
when the depressurisation line, departing from the steam line, is closed; in fact, as it can be seen
in Figure 27, the isolation condenser bridges the steam line with the feedwater line and a
depressurisation line opened on the former would result in a reverse flow in it. Contrary to what
happens in the ESBWR reactor, in which the steam side connection of IC is always open and the
condensate side is closed (GE Hitachi Nuclear Energy, 2011), it was necessary in this case to
keep closed both valves, opening them slowly at the signal of reaching the pressure threshold. In
addition, in the model a very large reverse flow pressure drop coefficient was adopted at the inlet
of the piping (e.g., representing a check valve), in order to avoid backward flow in the transient
related to the closure of the bypass valve and the opening of both the upstream and downstream
valves of the IC. One of the reasons for isolating the IC from the rest of the plant and opening it
when the pressure was sufficiently low was in particular to avoid exposing the condenser unit to
high pressures; especially in the case (implicitly assumed here) in which the IC is located in a
pool outside the containment, this would avoid possible mechanical failure due to overpressure
-

Figure 39a shows that the depressurisation line is open for a very short period of time after the
start of the transient, while the steam line is being promptly closed. The behaviour of the flow rate
in the lower downcomer and the negative flow rate through the upper downcomer orifices
contributing to it are interesting features of the whole simulated transient. In practice, two main
flow loops are simulated, as it will be confirmed later, being: 1) a natural circulation loop including
the upper downcomer, the lower plenum and the upward moderator flow path through the fuel
channel boxes and the upper plenum; 2) the loop that from the previous one detaches towards

(4 Since the mechanical design of the system was out of the scope of thethslizing of the condenser

unit is admittedly parametrical, supported by the confidence that the selection of appropriate tube
thicknesses and heat transfer surfaces should not pose any problem for a reactor having 1/10 of the power
normally encountereddr 1 GW electric units. Again, the main aim of the work was to explore the natural
circulation features of the reactor during the postulated LTSBO transient.
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the moderator channel inlet plena, passes through the inner moderator channel to the outlet
plena, flows down to the double bottom structure and finally enters the sequence of the seven
stages of the fuel coolant channels and is finally captured through the steam line by the Isolation
Condenser to be returned together with the Accumulator flow to the downcomer.

FW, SL and DC Flow Rates

300 —>5Steam Line

250 Upper DC orifices
200 Lower DC
—Total FW

150
——Depressurization Line

100

50

Flow Rate [kg/s]

-50
-100

-150
2,000 2,500 3,000 3,500 4,000
Time [s]

a) shortterm
FW, SL and DC Flow Rates

300 —Steam Line

250 Upper DC orifices
200 Lower DC
—Total FW

150

—Depressurization Line
100

50

Flow Rate [kg/s]

-50 !
-100

-150
0 10,000 20,000 30,000 40,000 50,000
Time [s]

b) whole transient
Figure 39: Relevant flow rates in the vessel

Figure 40 helps understanding the pattern of these two main flow paths. As it can be noted, the
orange arrows indicate the 1%t main flow path described above, involving the moderator
recirculation through the upper downcomer orifices, while the yellow ones point out the 2" flow
path detaching from the previous one and involving the fuel channels. It is noteworthy to consider
that at the 7" stage of the inner moderator channels, both hot and average, the flow is reversed,
something that can be explained by the little value of the downward flow rate at that height (zero
at the top owing to the blind node 740 and increasing with the contribution of each channel moving
downwards) combined with an opposing density distribution in the inlet and the outlet plena of the
moderator channels, since the inlet plena have a lower temperature than the outlet ones.
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Figure 40: Natural circulation flow paths established during the SBO sequence: the orange path
is related to the 1st loop mentioned in the text, the yellow one is related to the 2nd, while the red
arrow point outs a backward circulation observed at the 7th stage of the moderator channels

Figure 41 and Figure 42 help in confirming the above described patterns. In particular, the reversal
of flows at the 7th level of the inner moderator channels can be noted.
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Figure 41: Moderator flows in the vessel
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Figure 42: Moderator flows in inner fuel channels
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On the other hand, the flow distribution in hot and average fuel channels is shown in Figure 43,
showing a rather uniform distribution in average channels and a limited spread in hot ones.
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Figure 43: Coolant flows in fuel channels

The time history of void fraction during the transient shows the sudden flashing of flow in the
hotter channels at the transition from the supercritical to the subcritical pressure. Observation of
such trends explains why this passage is really difficult for codes to be coped with.

Void fractions at inlet and outlet of fuel channels - Levels 1 to 3 Void fractions at inlet and outlet of fuel channels - Levels 4 to 5
L0 —Lvl. Linlet Avg Lo
09 | L. 1 Outlet Ave 0 —Lvl. 4 Inlet Avg —Lvl. 4 Outlet Avg
- - —Lvl. 4 Inlet Hot Lvl. 4 Qutlet Hot
vl Linlet Hat L. 5 Inlet A Lul. 5 Outlet A
0.8 Lvl. 1 Qutlet Hot 0.8 vl > Inlet Avg vl. 5 Outlet Avg
—Lvl. 5 Inlet Hot —Lvl. 5 Outlet Hot
07 Lvl. 2 Inlet Avg 07
_ —Lvl. 2 Outlet Avg —
=06 —Lwl. 2 Inlet Hot 06
s —Lvl. 2 Outlet Hot 2
E 0.5 | —Lvl. 3Inlet Avg E 0.5
5 — Lvl. 3 Outlet Avg =
204 5 0.4
= —Lvl. 3 Inlet Hot =
0.3 | —Lvl. 3 Outlet Hot 0.3
0.2 0.2
0.1 0.1
0.0 0.0
0 10,000 20,000 30,000 40,000 50,000 0 10,000 20,000 30,000 40,000 50,000
Time [s] Time [s]
Void fractions at inlet and outlet of fuel channels - Levels 6 to 7
1.0
0.9 —Lvl. 6 Inlet Avg
—Lvl. 6 Outlet Avg
08 ——Lvl. 6 Inlet Hot
07 Lul. & Outlet Hot
= Lvl. 7 Inlet Avg
5 06 —Lvl. 7 Outlet Avg
Sos —Lvl. 7 Inlet Hot
frs —Lul. 7 Outlet Hot
204
>
03
0.2
01
Q.0
0 10,000 20,000 30,000 40,000 50,000

Time [s]

Figure 44: Void fraction in coolant channels

Figure 45, presenting the accumulator and isolation condenser system flow rates, show why the
void fraction is disappearing with the vessel being cooled by the isolation condenser and flooded
by the accumulator systems. As it can be noted, the discharge of the accumulator is mainly
concentrated during the fast depressurisation phase of the transient, while the isolation condenser
provides a long lasting flow, rejecting the decay heat to the related pool. It was seen that this
intervention of the accumulator system is progressively filling the reactor with water.



ECC-SMART Project . ECC

D3.3 Report on the preconceptual studies on the core layout and passive safety © smart
concept of the SCW-SMR

ACC. Flow Rate IC Flow Rate
16 100
—IC Outlet
14 —Accumulator System
80
12 —IC Inlet
- 10
g g%
= g 2
= m
2. g
H
g :
= 5
4 = 20
2
0 0
-2
] 10,000 20,000 30,000 40,000 50,000 -20
Time [s] 0 10,000 20,000 30,000 40,000 50,000

Time [s]

Figure 45: Accumulator and isolation condenser flow rates

As it can be noted, in Figure 46 and Figure 47, the fluid temperatures in the most important
moderator and fuel channel region steadily decrease with time, sign of the cooling process.

Temperatures at Moderator Channel Qutlets
FW, UDC, LDC, LP and UP Temperature 350

Lvl. 7 Hot -l T Ave
300 . —iGHot - - il s vg
300 |f
—Upper plenum | Li.5Hot == —Lul.5 Ave
250 L. 4 Hot — - -l 4 A
- - -Downcomer (DC) ? 250 wl. 4 Ho ul. 8 ave
T 200 —FWinlet g —Lil3Het == -Lv.3AvE
o —Upper part of the DC E 200 ——Lvl. 2 Hot L. 2 Ave
5 bl
' 150 Lower plenum él —— vl lwg - --Lv.1Hat
a 2 150
£
& 100 —
100 —a—
50
50
0 0 10,000 20,000 30,000 40,000 50,000
0 10,000 20,000 30,000 40,000 50,000 Time [s]
Time [s]
Figure 46: Fluid temperatures in the vessel moderator regions
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Figure 47: Fluid temperatures at the inlet and at the outlet of the fuel channels
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More importantly, the cladding temperatures show no sign of deterioration or dry-out owing to the

level of cooling being maintained by the introduced passive system. In particular, it can be noted

that after 12 hours the temperatures of the fluid and of the cladding is nearing1 0 0 A C, so t
notwithstanding the possible further depressurisation of the system down to atmospheric
pressure, soon no flashing will be possible.
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Figure 48: Cladding temperature at different levels in at middle length in fuel rods

Though the transient calculation has been stopped at 12 hours in the transient, it can be expected
that the scenario can likely continue unchanged with progressive cooling and depressurization for
a sufficiently long grace period. In fact, the residual mass of water in the accumulator at the end
of the transient is still around 21800 kg, with a flow rate of some tens of grams per second (50-
80 g/s), by the way in continuous decrease; this suggests that the accumulator system will have
enough water to continue supplying the little rate of volume requested by fluid densification due
to cooling in the reactor for more than the requested grace period (72 hours).

In summary:

1 the modelling assumptions and the approximate sizing of the isolation condenser and of the
accumulator systems appear to be sufficient to keep the reactor cooled for a long period of
time, even exceeding the target grace period,;

1 within the limitations of the present study, no dangerous levels of cladding temperature is
observed during the station black-out transient;

9 the discharge of the accumulator tends to keep the reactor full of water, with pressure that
decreases very slowly (it is still above 2 MPa at the end of the 12 hours);

9 during the grace period there is no need for a gravity driven injection system to intervene, so
that it seems that, once recovered the on-site and/or off-site powers, it will be possible to bring
the reactor to cold shutdown conditions by active means.

Nevertheless, there are motivations for performing sensitivity analyses. In particular:

9 the isolation condenser system is actually transformed into a passive residual heat removal
system, with only liquid inside, due to the discharge of the accumulator system; a possibly
worrying aspect is that its height (12.5 m) does not allow to keep the siphon at atmospheric
pressure, so that during further depressurisation the system may undergo to an emptying of
the fAisolation condenser o, l eading to a partia
the point that the reactor system may tend to boil and vapour may be condensed by the IC
again; using a lower height isolation condenser (definitely much below the theoretical limit of
nearly 10 m) this could be possibly avoided,

1 during the transient, the accumulator remains the only relatively compressible part of the plant,
working as a sort of nitrogen loaded pressuriser: this justifies the very slow pressure decrease,
that keeps the reactor at sufficiently high pressure with liquid; it could be possible to avoid its



































































































































































































































































































































































































