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Summary

The PDS-XADS contractual Deliverable 86, “General Synthesis report of XADS preliminary
design studies and needed R&D” provides a general assessment of the concepts studied within
the PDS-XADS Project with an evaluation of their potential to fulfil the XADS requirements with
reasonable R&D difficulties or challenges.

After a brief description, the concepts are first evaluated for their potential to meet the XADS
goals, and then with respect to the rules and criteria that are conventionally respected by a
nuclear system and have to be also verified by the XADS.

In addition, the R&D needs are identified and assessed in order to determine the degree of
difficulty in developing the systems to their estimated potential.

The document then provides preliminary recommendations for the Reference Options of the
XADS to be further studied in the 6th FP in line with D77 "Recommendation Report for the
Reference options of XADS".

This Deliverable is also issued as the Final Scientific and Technical Report of the project.




A

FRAMATOME ANP Rev:C 2/158

PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

2.1

2.1.1
212
213

2.2

2.2.1
222
223
224
225

2.3

2.3.1
232
233
234
235

24

2.4.1
242
243
244
245

2.5
2.5.1

Contents

INTRODUCTION AND SCOPKE ..ottt e

DESCRIPTION OF THE XADS CONCEPTS ...

The XADS ACCEIEIAtOr . ......eeiiii et e e e e e e e e e s e e e e e e e eaannnnes
XADS accelerator specifications.............coovviiiiiiiiiiiiiieeeeeeeeeee
Choice of the basic accelerator conCept........cccooieeiieiiiiiiiiii e,

The XADS accelerator reference layout ...

The 50 MWth LBE-cooled XADS (MYRRHA) ..ot

N0 Tod [ST= T 1] = T Lo [T

Main Features of an Extrapolated 80 MWth Na-Cooled Concept...........cccvvvvvvvennnnnes

L) (g0 T0 [ o3 {0 I




A

PDS-XADS - WP 1 - Deliverable 86 -
General Synthesis

PDS-XADS Deliverable 86

FRAMATOME ANP Rev:C 3/158
252 Main Plant fEALUIES ......oeii e a e 31
25.3 Cost trends of @ Na cooled XADS ........ e 33
3. XADS CONCEPTS EVALUATION ...ttt 36
3.1 Review of the Concepts Consistency with the XADS Objectives ..........ccccvvvvvvvvinnnnnnns 36
3.1.1 Recall of the XADS ODJECHVES ......uuuiiiiiiiiii s 36
3.1.11 Capability to demonstrate the ADS feasibility ..., 36
3.1.1.2 Flexibility/ConvertiDility ... 37
3.1.1.3 Reliability and availability ..............cooooiiii e 37
3.1.2 Assement of the different conCepts .........ooooriiiiiiiiiiis 38
3.1.2.1 LBE C00led 80 MW ...ttt e e e e e e e e 38
3.1.2.2 Gas-Co0led 80 MWIN ......ooiieeeee e e e e e e 41
3.1.2.3 MYRRHA 50 MWIR ... e e e e e e 44
3.1.3 Flexibility of the XADS and its convertibility from XADS to XADT .......cccccouvvvvvrinnnnnnns 46
3.1.3.1 LBE-Cooled 80 MWth XADS ...t e e e e e e e nneeeeeeeeas 46
3.1.3.2 Gas-Cooled 80 MWEh XADS ... e e e e e e 47
3.1.3.3 MYRRHA 50 MW ..ottt e e e e e e e e e e e e e e e nanneeeeas 47
3.1.4 Relability and availability..............ooooiiriii e 48
3.2 Safety EValUtioN ...........oo e 55
3.21 Control of reactivity and power of the 80 MW XADS ..., 55
3.2.11 Control of reactivity and power of the 80 MW LBE-cooled XADS ...............ccoeeeeeenn. 60
3.21.2 Control of reactivity and power of the 80 MW He-cooled XADS..............cccoeiiieieeennn. 61
3.2.2 Decay heat removal of the 80 MW XADS.........ooo e 62
3.2.21 Decay heat removal of the 80 MW LBE-cooled XADS ... 63
3.2.2.2 Decay heat removal of the 80 MW He-cooled XADS ... 64
3.2.3 Confinement of radioactive products of the XADS ... 65
3.2.3.1 Confinement of radioactive products of the LBE-cooled XADS...........ccccvieeeieiieiinnnn, 66
3.2.3.2 Confinement of radioactive products of the He-cooled XADS ...............coeooieiiiiien. 67
3.24 Radiation protection of the personal of the 80 MW XADS...........ccccovvveiiviiiineiiniiininnns 69
3.2.5 Transient ReSPONSE ANAIYSIS ......coouiuiiiiiie e e e e s 70
3.2.5.1 Transient response — Protected events of the 80 MW LBE-cooled XADS ................. 70
3.25.2 Transient response — Protected events of the 80 MW He-cooled XADS ................... 71
3.2.5.3 Transient response — Unprotected events of the 80 MW LBE-cooled XADS ............. 71
3.254 Transient response — Unprotected events of the 80 MW He-cooled XADS ............... 72
3.255 Conclusions to the Transient Analysis of the LBE-cooled XADS ....................oeoeel. 73
3.25.6 Conclusions of the He-cooled Transient AnalySes ........ccccooeeiieeiieiiiiiiiieeeeeee, 73
3.25.7 Conclusions of the Transient Analysis of MYRRHA ............ccooi 74




A

FRAMATOME ANP Rev:C 4/158

PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

3.2.6
3.2.6.1
3.2.6.2

3.2.7
3.2.8
3.2.9
3.2.10
3.2.11

3.3

3.3.1
3.3.2
3.3.3
3.34

3.4

3.4.1
3.4.2
3.4.3

41

411
41.11

41.1.2

41.2
41.21

413
4.1.31

41.4

41.41
41.4.2
4143

4144
41.45

General basis for design of the 80 MW XADS ... 74
General basis for design of the 80 MW LBE-cooled XADS ...........ccooeeiiiiiiiiiiiinnnnnn. 76
General basis for design of the 80 MW He —cooled XADS ...............ooeeiii 77
Reliability targets (safety systems) of the 80 MW XADS ..........ccccccvvvvmviiiniinniiinninninnnns 78
Inspectability and maintainability of safety equipment of the 80 MW XADS............... 79
System qualification of the 80 MW XADS ... 80
Severe accident management of the 80 MW XADS ..., 80
Safety assessment concluding remMarks: ... 83
Structural Integrity/RODUSINESS........uucieeee e 106
INEFOAUCTION ...t e e e e e e e ns 106
Structural integrity of the 80 MWth LBE-Cooled XADS ........ccoooeiiiiiiiiieiieieeeeeeeeeeenn, 106
Structural integrity of 80 MWth He-cooled XADS ........cccooiiiiiiiiiii e, 106
Structural integrity of the 50 MWth LBE-cooled XADS (MYRRHA).......cccceeiiiiinnnnne. 106
Lo 0] 0 o] o 4] (7300 107
Accelerator CONOMICS ..........eiiiiiiiiiii e e e as 107
REACIOIr ECONOIMICS .....eiiiiiiiii e e e e e 108
MYRRHA COSt @SSESSMENT ......euiiiiiiiiiiiiiie e 110
OPTION VALIDATION STATUS (R&D NE€dS) ......ceiiuiiiiiiiiiiiieeiiie e 112
Gas and LBE-cooled Systems.......ccoooiiiiiiiiiiiii e 112
REACION PRYSICS ... 112
Uncertainties associated to the ADS core characteristics and the spallation
source /1/, /2] (Ref. 1 and 2 atthe end of Section 4)..............ccc, 112
Control and instrumentation of an ADS /5/ .......ccoooiiiiiiiii e 113
1= B T3 7=1 (o o] 4 =T o P 113
Minor actinide loaded advanced fuels, safety behaviour and integration in the
(oo I T A L0 e U i TSRS 114
Main Components / Systems Qualification - General ..............ccoocciiiiiiiiiiiiiciiie, 114
System AlOCALION /15/ ........eeee e, 114
Main Components / Systems Qualification — Target..........cccccoiiiiiiiiiiie, 115
LBE chemistry/corrosion control and monitoring /2/,/16/,/17/,/118/,/119/ ..................... 115
Verification of corrosion protection layers /20/...............ccccccc 116
Characterisation and assessment of means for removal of spallation vapours
24T 221 e ettt e te e e bt e e anneeeaneaeas 117
(g (o T IUTa g I 220 TN i e 1 TR 117

Verification of the windowless LBE target /22/,/24/...............c.cccccciiiii, 118




A

FRAMATOME ANP Rev:C 5/158

PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

4146
41.4.7
41438
4149

41.5

4.2
4.2.1

422
4.2.21
4222

423

4.2.31
4.2.3.2
4233
4234

424
4.2.41

4.24.2

4.3

4.3.1

4.3.11
4.3.1.2
4.3.1.3
4314

43.2

4.3.21
43.2.2
43.2.3

4324
43.25
43.2.6

4.3.3
4.3.31

434
4.3.41

Verification of LBE target natural convection /25/..................cc 119
Thermal hydraulics /2/ ... 119
Material irradiation and t€StNG /2/.........eevririiiiieii e ———— 120
Large scale integral experiment on prototypical window target unit /2/ .................... 120
Main Components / Systems Qualification — Proton Accelerator ...............cccuveeee... 121
GaS-COO0IEA SYSEIMS ... e 121
Thermal-NYArauliCs ...........cooiiii e 121
Materials RESEArCH ..........uuiiiiiii s 122
Choice of pin clad material ...........cccooooiiiiiiiiieee 122
Material qualification for the gas-cooled XADS ...........ccccooiiiiiiiiiiiie e 123
Main Components / Systems qualification...............cccccvvviviiiiiiiiiiis 123
Design code for the Gas-cooled XADS SyStem ...........ovvviviiiiiiiiiriiriiiiiiieverevveeevaennnens 123
HE-teChNOIOGY 133/ ... 124
Development of several specific components /34/ ..........cooooiiiiiiiiiiiiiiieiee e, 124
5] 1< USRS 124
S Oy e 125
Stabilisation of the Severe Accident for the Gas-cooled Subcritical XADS

G X 4 PP 125
Safety and Plant performance of Gas-cooled XADS /38/ .......cccccoeeiiiiiiiiiiiinns 125
LBE-COOIEA SYSIEMS ....ouiiiiiiiiiiiiiiiiiiiiiiit e aaaaaasaanasnnaannnannnnnnas 126
Thermal-NYArauliCs ...........oooiii i 126
Heat Transfer Coefficients in LBE Environment /39/ ..., 126
LBE-cooled XADS design aspects /40/ ..........uuueureeieieiviiiiieiiiniiiirinieieireeneennren.—.. 126
LBE enhanced circulation by means of gas injection /42/ ..............covvvvvivviviivivennnnns 126
Need for improvement of T/H codes and models /11/ .........oooiiiiiiiiiiiiiiiiiiieeeeee, 127
Materials RESEArCH ...........uiiiiii s 127
Fuel pin mechanics iSSUES /40/ ...........ouieieiiiiiiiieiiieeiiieieerieee e 127
Fuel Rod Fluid Induced Vibrations /44/...............uueeueeeieeiiiiiiiiiiiieiiieiiiierieeiseeieeennnennnes 128

Establishment of database for CR9 martensitic steel specific to the design
145/ 128

Stainless steel 316L-SPH in contact with Pb-Bi /46/ ..........ccccooiiiiiiiiiiiiiiieeeeeeeee, 128
Materials for mechanical equipment operating in LBE /47/ .........ooovveeveeeieeirieeeeennnnne. 128
MOX fuel development and qualification for XADS driver /48/ ...........cccoevveeeeeee.... 129
Main components / Systems qualification.................eeuviiiiiiiiiiiiiiis 129
Technologies for Visualisation and Instrumentation in LBE 49/50/51/52/................. 129
S Y 130




A PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

FRAMATOME ANP Rev:C 6/158
4342 Safety experiments /19/ ... 130
4.3.4.3 Containment design reqUIreMENTES.........ciiiiiiiiieicecccceccecccr e 131
4.4 R&D Needs SYNThESIS .......ooiiiiiiiieiiie e 131
5. RECOMMENDATIONS FOR THE REFERENCE OPTIONS TO BE STUDIED

IN THE Bth FP ..ot e e e e e e e e e e e e e e e eneeeeeas 148

6. SUMMARY AND GENERAL CONCLUSIONS ......ccooiiiiiieeee e 150
6.1 T (oo 11 Tex 1T o 150
6.2 (070 aTe7=T o) £ 3 @70] 1 0] 0= 1 17 o] o IR 151
6.2.1 Consistency with XADS 0DJECHVES .........ocouiiiiiiiiiiiie e 151
6.2.2 Safety @Valuation ............ooi i 152
6.2.3 StruCtUral INTEGIitY ISSUES.....uuuic e 153
6.2.4 ECONOMIC trENAS ...t snneeneennnnnnnes 153
6.2.5 Option validation STAtUS ..........ii s 154
6.3 General CONCIUSIONS ......oiiieiiiiiiiiie et e e e et e e e e e e e e s e e e e e e e e e e nnneeeees 156




A

PDS-XADS - WP 1 - Deliverable 86 -
General Synthesis

PDS-XADS Deliverable 86

FRAMATOME ANP Rev:C 7/158
List of acronyms
AC: Alternative Current
ADS : Accelerator Driven System
ADT : Accelerator Driven Transmuter
ALARA : As Low As Reasonably Achievable
BOC : Beginning of Cycle
CFD: Computational Fluid Dynamics
CH-DTL:  Cross Bar H Type - Drift Tube LINAC
CRDM: Control Rod Drive Mechanisms,
CW: Continuous Wave
CZP : Cold Zero Power
DBC : Design Basis Conditions
DEC : Design Extension Conditions
DHR: Decay Heat Removal
DHX: Decay Heat exchanger (immersed Na/Na heat exchanger for EFR)
DRC: Direct Reactor Cooling
DTL: Drift Tube LINAC
EDE: Effective Dose Equivalent
EC: European Commission
EFR: European Fast Reactor
EPR: European Pressurized Reactor
EOC : End of Cycle
FH: Fuel Handling
GT-MHR : Gas Turbine Modular High Temperature Reactor
HFP : Hot Full Power
HT : Hexagonal Tube (S/A wrapper)
HTR: High Temperature Reactor
IH-DTL : IH-DTL Interdigital H - Drift Tube LINAC
IHX : Intermediate Heat Exchanger

IP-EUROTRANS :

LBE : Lead-Bismuth Eutectic
LINAC: Linear Accelerator
LLFP : Long Lived Fission Products

LOCA : Loss Of Coolant Accident

Integrated Program - EUROpean research program for the
TRANSmMutaion of high-level nuclear watse in an ADS




A

PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

FRAMATOME ANP Rev:C 8/158

LOD:
LMFBR :
LWR:

MA :
MASURCA :
MEGAPIE :
MOX :
MSA :
MSM :
MTBF :
MUSE :
MYRRHA :
MWth :
NPP :

ODF :
PCS:
PDS-XADS :
PMT :

PND :

P&T :

RF :
RCC-MR :

RFQ:
RPV:
RV(A)CS :
S/A :
SCS:
SPX:
TLOF:

TLOH:
TRADE :
WP :
XADS:

XADT:

Line Of Defence

Liquid Metal Fast Breeder Reactor

Light Water Reactor

Minor Actinide

Maquette Surgénératrice a Cadarache : Zero Power Reactor
Megawatt Pilot Experiment (at PSI)

Mixed Oxide fuel

Multiplied source (Approximated version)

Multiplied source (Modified version)

Mean Time Between Failures

Multiplication with an external Source on MASURCA Reactor (at CEA)
Multi-purpose hYbrid Research Reactor for High-tech Applications (at Mol)
Megawatt, thermal

Nuclear Power Plant

Diathermic fluid used in the 80 MWth LBE reactor

Power Conversion System

Preliminary Design Study of an Experimental Accelerator Driven System
Project Management Team (of the PDS-XADS Project)

Prompt Neutron Decay

Partitioning and Transmutation

Radio-Frequency

Design and Construction Rules for Mechanical components of FBR Nuclear
Islands

Radio-Frequency Quadrupole
Reactor Pressure Vessel

Reactor Vault (Air) Cooling System
Sub-Assembly

Shut-down Cooling system
Superphénix LMFBR reactor
Total Loss Of Flow

Total Loss Of Heat sink
TRIGA Accelerator Driven Experiment
Work Package

eXperimental Accelerator Driven System

eXperimental Accelerator Driven Transmuter




A

FRAMATOME ANP

PDS-XADS - WP 1 - Deliverable 86 -
General Synthesis

PDS-XADS Deliverable 86

Rev:C

9/158

1. INTRODUCTION AND SCOPE

In the framework of PDS-XADS studies, Ref. [1], the general objective of Deliverable 86 “General
Synthesis report of XADS preliminary design studies and needed R&D” is to assess and compare
the concepts studied within the PDS-XADS Project.

After a brief description, the concepts are first evaluated for their potential to meet the XADS
goals, and then with respect to the rules and criteria that are conventionally respected by a
nuclear system and have to be also verified by the XADS (safety, economics and sustainability).

In addition, the R&D needs are identified and assessed in order to determine the degree of
difficulty in developing the systems to their estimated potential.

The document then provides preliminary recommendations for the Reference Options of the
XADS to be further studied in the 6™ European Framework Programme in line with D77
"Recommendation Report for the Reference options of XADS".

Taking into account the relatively wide open range of alternatives in designing an ADS and
according to the PDS-XADS Project description, three concepts are assessed , namely :

* The 80 MWth LBE-Cooled concept;

* The 80 MWth He-Cooled concept;

* The 50 MWth LBE-cooled small-scale concept (called MYRRHA);

* A Sodium-Cooled concept is only considered for economic comparison. Core and primary
system are extrapolated from the EFR reduced size prototype, the interface with the
accelerator/target are based on the 80 MWth LBE XADS design. This concept is dealt with in a

specific section of chapter 2.

The main references used for this synthesis report are the following Deliverables of the PDS-
XADS project:

* D40: Methodology and Criteria for concept comparison

* D61 & D62: Technical Option reports on the two LBE cooled XADS and Gas cooled XADS

» D63: Definition of XADS class reference accelerator concept and needed R&D

* D84: Cost evaluation and further scaling of the small-scale XADS

» D77: Recommendation report for the Reference options of XADS

The concepts comparison of chapters 3 and 4 is based on the evaluation grid proposed in D40.
For any detailed explanation concerning the rationales of the criteria and the rating system,

please refer to this Deliverable.

A detailed summary and the general conclusion of PDS-XADS project are provided at the end of
this report in chapter 6.




A PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

FRAMATOME ANP Rev:C 10/158

2. DESCRIPTION OF THE XADS CONCEPTS

2.1 The XADS Accelerator

2.1.1 XADS accelerator specifications

The main technical specifications for the XADS accelerator are summarized in Table 2.1.1. These
characteristics clearly show that this machine belongs to the category of the so-called HPPA
(high-power proton accelerators) presently very actively studied or even under construction for a
rather broad use in fundamental or applied science. The overall performance of the sub-critical
system will be critically determined by a strict adherence of the XADS accelerator to these
specifications.

Compared to other HPPA, many requirements are similar, but it is to be noted that the reliability
specification, i.e. the number of unwanted "beam-trips", is rather specific to the use as driver for
an ADS. Therefore, the WP3 studies for reference design had to integrate this stringent
requirement from the very beginning, since this issue could be a potential "show-stopper" for ADS
technology in general.

Max. beam

intensity 6 mA CW on target (10 mA rated)

600 MeV (includes 800 MeV upgrade

Proton energy study)

Beam entry Vertically from above preferred

Less than 5 per year (exceeding 1
second)
Energy: +1 %, Intensity: +2 %, Size: +
10 %
Gas-cooled XADS: circular & 160
LBE-cooled XADS: rectangular 10x80
MYRRHA: circular, "donut" & 72

Beam trip number

Beam stability

Beam footprint on
target

Table 2.1.1 : XADS proton beam specifications

2.1.2 Choice of the basic accelerator concept

With the present state-of-the-art in accelerator technology, only two basic concepts of
accelerators have shown to be able to deliver beam intensities in the mA range. These are
sector-focused cyclotrons and linear accelerators (LINACs). Concerning cyclotrons, a final energy
of 600 MeV is well established, mainly with the experience of the PSI machine, and from this, it is
felt in the cyclotron community, that a maximum value of 5 mA should be considered as safely
reachable. However, WP3 concluded that the cyclotron solution for an XADS presents a number
of difficulties if not impossibilities: funneling, pulsing, beam trips, double-machine scheme,
intrinsic current limitation, energy upgrading, that preclude this solution despite its advantages
such as lower unit price. As a matter of fact, none of these limitations are present in a LINAC
where intensities can reach above 100 mA without an intrinsic energy limit. Moreover, the
strategy to implement reliability relies on over-design, redundancy and fault-tolerance, and
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requires a highly modular system where the individual components are operated substantially
below their performance limit. A superconducting LINAC with its many repetitive accelerating
sections grouped in "cryomodules” conceptually meets this reliability strategy.

Therefore, the reference solution is a superconducting LINAC, described in the next section.

2.1.3 The XADS accelerator reference layout
A reliable Linac

The proposed reference design for the XADS accelerator, optimized for reliability, is shown in
Figure 2.1.1. It is composed of a "classical" proton injector (ECR source + normal conducting
RFQ structure). Additional warm IH-DTL or/and superconducting CH-DTL are used up to a
transition energy from where on a fully modular superconducting LINAC brings the beam up to
the final energy. Up to the transition energy, fault-tolerance is guaranteed by means of a "hot
stand-by" spare. Above this energy, spoke cavities and, from 100 MeV on, elliptical cavities are
used. Beam dynamic calculations for this part have shown that an individual cavity failure can be
handled at all stages without loss of the beam. Besides this fault-tolerance, another remarkable
feature of the concept is its validity for a very different output energy range. Therefore, already the
small-scale XADS accelerator is fully demonstrative not only of the 600 MeV XADS (and could be
converted to it), but even for an industrial machine. The chosen superconducting cavities are
subject of important R&D programmes presently underway e.g. at the laboratories of the
collaborating institutions of WP3. The performance of the prototypes has been measured to
exceed the operational characteristics for the XADS by a very comfortable safety margin that
ensures the "over-design" criteria imposed by the reliability strategy.

e

e ‘ ol Sl * Beam dump

p=035 p=047 6=065 p=085
0, 600 MeV
SC spoke i s ;.
ot 9:.1 cavlties SC elliptical cavities (700 MHz, 3 sections)
|I emeel 5 (350 MHz, 1 or 2
50 HeV) sections) 100 MeV 200 WeV 500 MeV 600 MeV

@iﬁ R

Low energy Intermediate High energy
section energy secﬂon section

Spallation target
& sub-critical
core

Figure 2.1.1 : XADS reference accelerator layout

A safe beam transport line

The objective of the final transport line is to safely inject vertically from above the 600 MeV (or
350 MeV) proton beam onto the spallation target with footprint of the required size and density
distribution. To this end, a doubly achromatic module composed of two 45 degrees bending
dipoles and three focusing quadrupoles has been designed and adopted for the two reference
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XADS concepts. Such a system is non-dispersive: residual energy spread and central energy
fluctuations from the accelerator will have no effect on the beam stability at the target. In addition,
to expand the beam onto the target, the so-called raster scanning method has been adopted. It
consists in deflecting a pencil-like beam with fast steering magnets acting in the two transverse
directions in order to paint the target area.

A shielding for radiation protection

The goal of the shielding design of the XADS accelerator is therefore to guarantee that, under
normal operational conditions, the added integrated dose to personnel around the XADS
accelerator will be extremely small, i.e. comparable or smaller than the natural background. To
obtain this goal, the shielding calculations are made using conservative (= pessimistic) normal
beam loss assumptions, and assuming an “occupancy factor” of 1, that means that a person will
be present during 2000 hours per year immediately behind the shield wall where maximum dose
rates exist. Figure 2.1.2 shows for example the required earth profile in the case of an accelerator
tunnel with 60 cm side walls and roof, buried underground (the top of the concrete roof
corresponds to zero ground level). The profiles correspond to the minimum earth thickness
required to reduce the residual dose levels outside the earth below 0.5 uSv/h for a 1 nA/m linear
beam loss at 350 MeV (MYRRHA case). It is remarkable that the shielding profiles derived from
the requirements for normal operation will provide sufficient shielding for the planned
commissioning period as well as for planned periods of beam tuning and setup, by allowing beam
loss rates 100 times higher than during normal operation during significant periods of time, and it
will also protect correctly against several types of accident condition.

2]
DD | g (<>}

:

height earth berm [cm]

N
= D | g

R
A thickness
\
I

1500 1000 -500 0 500 1000 1500
— l \/ position from beam axis [cm]

Chicane access

| Sy

Figure 2.1.2 : Required earth profile above the 60 cm thick concrete linac tunnel
(for a 350 MeV proton energy and 1 nA/m linear beam losses)

A maintenance strategy

The foremost goal of the maintenance strategy for the XADS accelerator is to guarantee its
reliability and availability goals for its operation, and that for its anticipated period of life, i.e. an
order of magnitude of 30 years. These requirements request the development of an expert
system able, while the accelerator is running and delivering nominal beam, to precisely identify
and locate equipment that is showing degradation of rated performance, and/or that is out-of-
order and to be replaced or repaired. Thus, the expert system provides the database that will be
used during the scheduled maintenance periods for planning repair and/or replacement of
deteriorated or faulty equipment.
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2.2 The 80 MWth LBE-Cooled XADS

2.2.1 Nuclear Island

The Nuclear Island consists of four buildings, with a cylindrical reactor building and three outer
structures contiguous with it, which are the Auxiliary/Control Building, the Fuel/Component
Handling Building and the Air Coolers Building (Figure 2.2.1). The whole Nuclear Island rests on a
single foundation consisting of an upper reinforced concrete basemat, quasi rectangular in shape,
about 80 m x 40 m, and of a lower basement, separated by seismic support pads.

The NI Buildings are seismic category | and aircraft crash (ACC) protected (walls and roof 1.3 or
1.5 m thick), except the Air Cooler Building that is seismic category Il and not designed against
ACC.

The Reactor Building has a diameter of 33 m and is about 47.5 m high (from elevation -14.5 to
elevation 33 m), with the Reactor Pit extending 14.5 m below grade. The overall volume of the
Nuclear Island is about 120 000 m3.

L300 RYACS CHIMNEY

EL3400_ EL.33.00

Om 5m 10m 15m
55;5

TARGET FLASK

EL.22.70

SECONDARY
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Figure 2.2.1 : Nuclear Island

2.2.2 Primary system

The primary coolant is molten lead-bismuth eutectic, which is characterized by good nuclear
properties, operating temperatures lower than pure molten lead and compatibility with the low-
pressure diathermic organic fluid used in the secondary system.

The configuration of the primary system (Table 2.2.1) is pool-type (Figure 2.2.2), similar to the
design solution adopted for most sodium-cooled reactors, which has important beneficial features.
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These include a simple boundary (the Reactor Vessel) containing all the LBE, thus eliminating all
problems related to out-of-vessel primary coolant.

The Reactor Vessel is surrounded by the Safety Vessel to ensure containment of the primary
coolant and its circulation through the core also in case of Reactor Vessel leakage.

The Reactor Vessel rests on the same boxed annular beam, anchored to the civil structure to
which the Safety Vessel is suspended, and supports the Reactor Roof and the Internals.

The gap between the two vessels is sufficient to allow the access of a remote-controlled device,
of the free rolling vehicle type, for IS| of the welds of the Reactor Vessel.

Both Reactor and Safety Vessel are made of a nozzle-free cylindrical shell with hemispherical
bottom head. The upper side of the cylindrical shell of the Reactor Vessel ends with a Y piece,
the inner branch of which supports the Reactor Roof.

The Cylindrical Inner Vessel, of asymmetrical cross section, hangs from the Reactor Roof. Its
shape is determined by the need of including the in-vessel handling equipment and limiting the
Reactor Vessel diameter, while leaving a large outer space to install the Heat Exchangers.

The Reactor Roof ensures the Reactor cover gas containment, the Biological protection of the
Above-Roof Area and the support for Rotating Plug, Intermediate Heat Exchangers, Purification
Units, Rotor Lift Machine and Gas Injection Pipes.

The Rotating Plug supports the Above-Core Structure, installed eccentrically inside a penetration,
and the Transfer Machine with double gas seals to insure the integrity of the Reactor Boundary
even in case of rotation for refuelling.

The Above-Core Structure, a crank-shaped structure that supports the Target Unit and the Core
monitoring equipment, can rotate to allow refuelling.

The In-Vessel Fuel Handling System allows handling without opening the primary containment. It
consists of a Transfer Machine that can reach all Diagrid positions, and of a Rotor Lift Machine
that transfers the assemblies to/from a flask positioned on the Reactor Roof. There are two
handling configurations, “Absorber handling” for which only assemblies located out of the ACS
region can be reached and “Core handling” for which access to all core assemblies is possible.

To avoid rotating parts immersed in Pb-Bi, no mechanical pumps are used for primary coolant
circulation which is obtained by an argon gas lift system.

The primary coolant leaves the core in radial direction about half a meter below the top of the fuel
assemblies and enters the Riser channels arranged at the periphery of the Cylindrical Inner
Vessel. Argon is injected at the bottom of Riser Channels to increase the density difference
between the lead-bismuth in the Downcomer and the lead-bismuth-gas mixture in the Riser. The
argon gas leaves the coolant at the free surface and escapes into the cover gas plenum.

This solution combines the high level of reliability of the natural circulation required by a safe Core
cooling function, with Reactor compactness, operational flexibility, and lower thermal loading on
the structures typical of the forced circulation.

Four bayonet-tube IHXs are freely immersed in the Downcomer, without membrane spanning the
vessel to separate hot and cold plena (no Redan), to ensure coolant flow outside the IHXs, even
in case of solidification of the LBE inside them.
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The IHXs transfer heat from the LBE coolant to the secondary diathermic fluid during normal and
DHR conditions. The LBE coolant enters radially the IHXs through a window provided in the
upper part of the shell, leaves axially the IHXs and reaches the Core to start a new thermal cycle.

In the case of the Windowless Target Unit option, a small fraction of primary coolant (~ 5%) is

bypassed through the Target Unit to remove the spallation power.

All primary system components are made of stainless steel (Z2 CND 17.12.Contr N RCC-MR for
Main Vessel and Internals, and Z2 CN 18.10 RCC-MR for Safety Vessel) compatible with LBE at
the XADS low operating temperature.

The mechanical analyses, performed so far, confirm the feasibility of the primary system
components, thanks to the horizontal antiseismic supports that drastically reduce the most
important load which is induced by the seismic excitation.

LBE cooled XADS

Core Power MWith 80
Primary Coolant LBE
Nominal Core Inlet Temperature °C 300
Nominal Core Outlet Temperature °C 400
Primary Coolant Flow rate kg/s 5961
Total Primary System Pressure Loss MPa 0.029
Argon Injection Flow Rate lite,\g /s 120
Argon Injection Pressure MPa ~0.5
IHX secondary coolant Diphyl THT
Diphyl THT at IHX inlet °C 270
Diphyl THT at IHX outlet C 312

Table 2.2.1 — Main Primary System parameters
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Figure 2.2.2 : Vertical section of the Primary System

2.2.3 Target Unit

The Target Unit provides the physical and functional coupling between the Proton Beam
Accelerator and the sub-critical Core.

The LBE target, containing the spallation products, is kept confined within the Target Unit in order
to prevent the contamination of the primary LBE coolant. The Target Unit is a removable
component of slim cylindrical form, positioned co-axially with the Reactor Vessel, which serves
also as inner radial restraint of the core. Its component parts are the Proton Beam Pipe, the Heat
Exchanger and the LBE circulation system, that can be designed in forced or natural circulation,
depending on the two design options which have been studied: window or windowless (Figure
2.2.3) Target Units.

The Hot-Window Target Unit features a thin metallic sheet, actually the end cap of the Beam
Pipe, as a barrier between the LBE target and the Proton Beam Pipe. The Window and most of
the Target Unit are made of ferritic-martensitic 9Cr1Mo.

The heat generated by the spallation reactions is removed by LBE in natural circulation. The LBE
is cooled by the heat exchanger located at a higher level, an arrangement typical of natural-
circulation cooling circuits.

The use of a diathermic fluid as secondary coolant gives high flexibility in the choice of the
thermal cycle and in particular it allows limiting the temperature of the hottest spot of the window.
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In the Windowless Target Unit the proton beam impinges
directly on the free surface of the liquid LBE target.
Natural circulation of the LBE is no longer possible,
because the heat source is at the top of the loop. Thus
the heated LBE must be driven downwards to the heat
exchanger by some means, in this case two mechanical
pumps in series.

A stream of primary LBE is bypassed from the cold
plenum to the heat exchanger to serve as a cooling
medium.

In the Windowless Target Unit no structural material is
exposed to the direct proton irradiation. This option has
the advantage of overcoming the material damage due
to proton irradiation and hence allows lifetime and
handling intervals similar to that of the fuel assemblies

A drawback of the ADS concept is neutron streaming
from the Beam Pipe which makes difficult refueling and
ISI&R, owing to the activation of structures and
components above the Reactor Vessel Roof.

In the case of the Windowless Target Unit this problem
is of less concern, owing to the smaller cross section of
the beam pipe. This is possible because it is not
necessary to open the beam spot, but it is sufficient to
scan it perpendicularly to the horizontally flowing LBE
(1D scanning, Figure 2.2.3, detail).

The smaller beam pipe of rectangular cross section of
the new windowless Target Unit design (from 5 cm x 4
cm at the top to 12 cm x 5 cm at the bottom) reduces
material activation, extending manned activities in the
area (a few days after proton beam shutoff) to about one
hundred hours without exceeding the yearly dose limit
for professionals.

Figure 2.2.3 : Window and Windowless Target Units

2.2.4 Core

The Core (Figure 2.2.4) consists of 120 fuel assemblies arranged in an annular array of five rows.
The inner row surrounds the target unit. The assemblies are identical, each loaded with 90 fuel
pins which have the same cross section and fuel MOX composition with two different
enrichments. The 42 fuel assemblies of the two innermost rows are enriched as the standard
Superphénix reload fuel, the remaining 78 fuel assemblies are higher enriched at 28.25% Pu, to
set an operational keff = 0.97 at nominal power and BOC (Beginning Of Cycle). Only a single
refuelling scheme has been considered and it appeared that with a limitation of the proton current
of 5 mA, the target burnup of 22,300 MWd/Te has been reached. The fuel pin cluster is enclosed
by an hexagonal wrapper; the lattice is about 40% larger than for Superphénix, while the active
fuel length is slightly shorter (87 vs. 100 cm).
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The fuel assemblies are surrounded by a buffer region of 174 dummy elements, the purpose of
which is to keep the fixed structures away from the hard neutron region. LBE in the buffer region
and adjacent downcomer provides a substantial neutron reflector for improving the overall
neutron economy. Moreover, the core buffer allows a flexible management for irradiation testing
of prototypical fuel assemblies containing different kinds of fuel or LLFP’s and for positioning
neutron absorbers closer to the core to lower the keff below 0.95 before refuelling.

The lower end of the assembly is terminated by a spike which plugs into the corresponding hole
drilled in the forged diagrid plate. The spike cell contains the locking device that is actuated
through a rod laid out along the centre line of the assembly. In the hold-down position, three pins,
radially protuding from the spike, engage with the edge of the pintle and prevent the assembly
from lifting up. Both core fuel and buffer assemblies, which otherwise would be thrust upwards by
the buoyancy and flow momentum of the LBE, are thus secured down to the core diagrid and can
be only disconnected through appropriate actions by the fuel handling machine when this is
operated during core outage.

Because LBE is a highly diffusive and fairly transparent medium for neutrons, it has been possible
to adopt a wide fuel pin lattice with associated reduced friction losses, that makes core cooling by
natural convection possible even in the case of loss of the argon lift system.

The BOC and EOC subcriticality range, associated with the cycle length and core management,
is a crucial parameter for defining the proton beam current.

The operational sub-criticality range is established in order to stay away from criticality (keff=1)
with adequate margin under normal operational conditions so that postulated accidents which
may lead to large temperature changes and positive reactivity insertions may also be taken into
account without achieving criticality. For Design Basis Conditions (DBC), a safety margin of Vk =
1% and 0.6% allowance for measurement error are subtracted from the criticality state, so that
the resulting upper limit for the multiplication factor becomes k = 0.984. Furthermore,
consideration of Core cooling from operating down to assumed ambient temperature, beam pipe
flooding by LBE or geometrical variations associated to earthquake or temperature variation and
Doppler effect, cumulate to a predictable reactivity insertion of about 1.4%.

The core multiplication factor for normal operation at full power and BOC is thus set at k = 0.984-
0.014 = 0.97, i.e. a sub-criticality margin of 3%.

Accidents like those involving large core compaction which may be worth about 0.5-0.6%, may be
allocated to Design Extended Conditions (DEC). Also for these accidents the core remains
subcritical, though with a reduced safety margin. As a conclusion the 0.97 core multiplication
factor is sufficiently low to ensure the safe operation of the core without need of shutoff rods.

During operation, the core reactivity decreases at a rate of about 0.004%/day. Thus for the
targeted 1000 days full power operation, the reactivity depletion would not exceed 4%, i.e. the
operating multiplication factor reduces from 0.97 at BOC to 0.93 at EOC. The Core can be
operated in these EOC conditions with a proton current of about 6 mA.

There are no absorber assemblies dispersed in the core during normal operation. There is,
however, a set of 12 B4C absorbers (worth ~ 5000 pcm), which are kept parked, during
operation, at the periphery of the buffer region. At scheduled outages, these absorbers will be
moved close to the core by means of the in-vessel handling machine, before extraction of the
Target Unit. This allows to compensate for any reactivity insertion brought about by the extraction
and to maintain the core at safe shutdown with the subcriticality required during refuelling (Keff <
0.95).
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Figure 2.2.4 : Core horizontal section

2.2.5 Decay Heat Removal system

The normal decay heat removal is ensured by the Secondary Coolant System (SCS) that
provides two functions:

* maintaining a sufficient primary coolant flow through the core in order to ensure that decay heat
is transferred from the fuel to the primary coolant;

 ensuring that the decay heat is removed from the primary coolant and rejected to the ultimate
heat sink.

The normal decay heat removal is ensured by one secondary loop only and in passive way, i.e.
the primary and secondary coolants in natural circulation.

The RVACS provides for the passive removal of decay heat in case of a total unavailability of the
SCS. This event is very unlikely because the SCS is made of two practically independent
secondary loops. Multiple independent failures are required to cause the complete loss of both
secondary loops; an aircraft crash only has the potential to breach both loops with the associated
loss of the secondary coolant and the complete loss of heat removal capacity by the secondary
system.

The RVACS consists of Air Cooler with annular U tube bundle arranged in the Reactor Pit with
atmospheric air flowing pipe-side in natural circulation, so that the pipe legs connected to the air
inlet manifold face the pit wall, whereas the return pipe legs face the Reactor Vessel.

Four equally-sized air intake ports and four chimney stacks are provided by design. This
configuration ensures sufficient redundancy, and minimizes the effects of malfunction of an
individual component.

The RVACS does not require valve alignment, it always operates because of natural draft: decay
heat removal is through a combination of different heat transfer modes: conduction through the
Reactor Vessel, natural convection and radiation into the gap between the Reactor Vessel and
the Safety Vessel, conduction through the Safety Vessel and radiation from the Safety Vessel to
the RVACS air pipes. In case of abnormal increase of the Safety Vessel temperature, heat
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dissipation by radiation increases with the 4th power of temperature and the atmospheric air
circulation increases accordingly, driven by the natural draft.

During Normal Operation, the primary coolant temperature is controlled by the SCS, while the
RVACS removes a power ranging from 364 to 439 kW, depending on the atmospheric air
temperature.

In case of a total loss of the SCS, the accelerator will be shutdown and the RVACS will take over
the removal of the decay heat.

2.3 The 80 MWth He-Cooled XADS

2.3.1 Nuclear Island

The overall architecture of the plant is derived and extrapolated from modular thermal High
Temperature Reactor projects such as the GT-MHR. The Reactor Vessel is located within a
concrete Reactor Vault and the whole system within the Reactor Building. Only the outline of the
Reactor Building has been sketched. It has an external diameter of 30.7 m and is about 56 m
high, of which 22 m below grade. The Reactor Vault is cooled by a specific circuit (water pipes
embedded within the vault concrete).

The direction of entry of the proton beam and the target to the reactor has a large influence on the
overall layout of the reactor building and, in case of the reference entry from the top, on the above
roof area where the proton beam transfer line has to be accommodated.

For the mitigation of severe accidents, provision is made for an external core catcher located
under the reactor vessel in the pit and cooled by a specific passive water cooling circuit.

An overall arrangement of the reactor building can be seen on Figure 2.3.1. The dimensions are
only indicative as they may evolve significantly when more detailed assessment for instance on
the shielding and concrete thickness are taken into account and when all the auxiliary equipments
become available.

No detailed study of the reactor building and nuclear island layout has been performed as it was
out of the scope of the PDS-XADS programme.




A

PDS-XADS - WP 1 - Deliverable 86 -
General Synthesis

PDS-XADS Deliverable 86

FRAMATOME ANP Rev:C 21/158
,,,,,,,,,,, \\\
T el H o —
] ',@\ \
|
=

nnnnnnnn
;;;;;;;;;;;;

rrrrrrrrrrr
nnnnnnnnnnnn

ccccccccccc

—

=

é

V4

[\ N
e

=
=
—

=

—=—

—

=

=

i
—
=

=

=
= —
===

aaaaaaaa

—
—

—
—

—

=

—
—

=
=
==

%

W)

;
=
=

1

=

nnnnnnnnnnnn

Figure 2.3.1 : Outline of the Reactor Building-Vertical section

2.3.2 Primary system

The reactor primary system (Figure 2.3.2) comprises a reactor vessel housing the core, a
separate vessel that houses the Power Conversion System (PCS) and a cross vessel linking the
two vessels. The primary vessel accommodates the Target Unit (TU), the sub-critical core and
associated systems for fuel handling and the Shutdown Cooling System (SCS) for decay heat
removal. The PCS vessel provides the coolant circulation, by a motor driven blower, and the heat
exchanger transferring heat to an external cooling water circuit. Metallic vessels have been
preferred to Pre-stressed Concrete Pressure Vessels for consistency with current HTR projects
justified mainly by the extensive fabrication in existing NPP factory facilities which brings

significant cost and schedule improvements.

The gas coolant medium is helium circulated with a motor driven blower and cooled by
helium/water heat exchangers for normal power operation and transition to shutdown. The core
cooling safety function for the rejection of decay heat is provided by the Shutdown Cooling

System (SCS) complemented by the vault cooling system.

Main parameters of the primary circuit are listed in Table 2.3.1.
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Gas-cooled XADS

Core Power MWith 80
Primary Coolant Helium at ~6 MPa
Core Inlet Temperature °C 200
Core Outlet Temperature °C 450
Coolant Flow Rate in the Core Kg/s 61,6
Coolant Velocity in the Core m/s ~30
Primary system target pressure drop MPa 0,1*
Primary helium containment Metallic vessels
Power Conversion System Heat exchanger and circulator
Secondary Coolant Water

IHX Sec. Coolant Inlet Temperature °C 25
IHX Sec. Coolant Outlet Temperature °C 65

* . Parameter used for the blower design

Table 2.3.1 — Main Primary System parameters

The reactor pressure vessel (RPV) 15.5m high and 4.3m external diameter, is a conventional
metallic pressure vessel including a bolted flat cover also known as the roof, a cylindrical section
and an elliptical bottom head. The reactor thimble which houses the target unit is suspended from
the reactor cover.

Basically, the RPV diameter is governed by the accommodation of a large number of reflector and
shield assemblies around the core fissile zone whereas the height comes from S/A primary
handling and natural circulation requirements.

The cross vessel and three SCS nozzles are housed evenly every 90° within a reinforced
cylindrical shell located just under the reactor flanges. The RPV is supported by an annular box
structure from the vault via the nozzles. The core is supported by a diagrid, which sits on a thick
core support plate itself resting on a flange located at the bottom of the vessel cylindrical part.
The core support line operates at cold temperature (200°C) and mainly under compressive stress.

Primary He is directed to the core via the annular gap between the hot duct and the cross vessel
and downstream along the reactor vessel. It then flows into the diagrid where it is distributed to
the fuel Sub-Assemblies (S/As) via the chandelles slots. Within the vessel, cold He (200°C) is
separated from hot He (limited to 450°C for thermal creep exclusion) by the inner vessel. In the
upper part, a calibrated by-pass flow is directed between the upper insulating plate and the roof
slab. This plate also acts as a complementary shield plate (use of zirconium hydride with 1%
boron) in order to limit the upper structures activation.

In compliance with the range of helium temperatures, Modified 9%Cr ferritic steel (T91) is
selected for pressure containing vessels and type 316 L(N) austenitic stainless steel for reactor
internals. Both grades are within the RCC-MR code, selected as project reference design code.
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All reactor internals are designed as potentially removable structures and the gas coolant
transparency brings significant advantages with respect to In-Service Inspection and Repair
compared to liquid metals.

The reactor thimble, a specific feature within the primary helium containment, will be subjected to
irradiation damage rate similar to this of a S/A wrapper. It will be hence conceived as a
consumable component subject to periodic replacement.

The thermomechanical scoping verifications show acceptable structural margins at this stage of
the project. The key issue is the irradiated thimble structural integrity involving both the
adjustment of thimble temperature to avoid excessive embrittlement and creep and material
selection (between T91 and 316 L(N)). This will deserve further studies and confirmation from
R&D on materials. Concerning sensitivity to thermal cycles, the design seems very tolerant and
fully compatible with a number of beam trips of 50/year. This is due to the relatively poor heat
transfer coefficients of the helium coolant.

1710

]

4590

Figure 2.3.2 : Primary System vertical section
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The option selected for Power Conversion System consists of motor driven blowers and
helium/water heat exchanger. This exchanger is housed in the PCS vessel above which a
circulator extrapolated from the existing AGR design is installed. The preliminary design studies
show drastic size improvements, design simplifications and prospect for a significant capital cost
saving compared to the Turbo-compressor option initially considered by similitude with the GT-
MHR modular reactor.

The primary fuel handling system provides access to any core position by means of three
locations for two pantograph machines able to withdraw and put down the S/As in two transfer
positions or in the load unload position which is under the direct charge machine. The direct
charge machine allows the sub-assemblies transfer from the reactor vessel to the fuel transfer
cask.

Absorber Sub/Assemblies are set in the core lattice with the Fuel Handling system but the six
absorber rods are lifted in the core active zone thanks to dedicated mechanisms prior to a Fuel
Handling campaign.

2.3.3 Target Unit

The reactor thimble consists of a 460mm diameter, 25mm thick tube submitted to external helium
pressure bolted on the roof slab and guided at the core centre. The thimble houses the target unit
(Figure 2.3.3) located at core center and composed of a vacuum tube, an internal tube for flow
arrangement and the liquid Lead Bismuth Eutectic (LBE) spallation material container. The proton
beam enters the beam tube at the upper end of the target unit, penetrates the beam tube window,
located just above core centre line and impinges on the upward flowing target LBE below the
window (spallation zone). The target LBE is circulated by pumps and cooled by an external heat
exchanger located in the target cooling room, outside the reactor vessel. The LBE external circuit
option is favourable with respect to both neutronic efficiency and maintenance of target unit and
components.

The selection of T91 steel as reference material for the structures was made on basis of current
knowledge resulting from R&D programme on corrosion and irradiation behaviour of materials in
LBE cooled systems and very fast neutron spectra.

The target unit is conceived as a consumable component subject to periodic replacement. The
proton beam tube including the highly irradiated window subject to frequent replacement can be
mechanically disconnected from the target unit for independent removal.

The alternative option of a helium cooled solid target made of small tungsten rods and with a
“cold window” outside of the reactor shows very appealing features for the Gas-Cooled XADS.
This configuration would bring major improvements in terms of window lifetime (wide possibility of
temperature adjustment and large number of candidate materials) and would drastically simplify
the window replacement. In addition, the plant design is more consistent and simple (only one
type of coolant : helium).
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Figure 2.3.3 : LBE and Solid W Target Units

2.3.4 Core

The XADS gas-cooled core is built up from a ring of 90 Fuel Sub/Assemblies surrounding the
spallation target which takes up the central locations (Figure 2.3.4). Surrounding the core are
steel reflector S/As, themselves surrounded by shield S/As containing boron carbide to limit
damage to the RPV. Six absorber rods, located at the core Fuel zone periphery, are to be used
only during shutdown conditions to bring sufficient reactivity margins mainly with respect to
reactivity increase at cold state, fuel handling error and accidental water ingress in the core. The
design of the core has been based largely upon previous fast reactor experience.

Each fuelled sub-assembly contains 37 pins held in a triangular lattice by honeycomb grids. The
fissile column length is 1.5 m and, like the LBE concept, the initial fuel loading will be MOX type
fuel with the similar composition as the standard Superphénix reload fuel.

A key design feature is that the core should remain sub-critical under all plant conditions. An initial
operating keff of 0.97 was chosen for the core and further justified by reactivity effects
assessments for various fault conditions including core compaction. For refuelling, it is proposed
to remain within an upper limit of Keff of 0.95 thanks to absorbers used only for this purpose.

At the start of the fuel cycle, a beam current of approximately 2.6 mA is required at a keff of 0.97.
During operation, as burnup of the fuel progresses, the beam current is to be increased to
compensate for the core reactivity drop. Both a single and a three-batch refuelling scheme have
been considered and it appeared that with a limitation of the proton current of 5 mA, the target
burnup of 40,000 MWd/Te can only be reached with a multi-batch concept.

Core calculation were combined with the results of thermal hydraulics calculations to determine a
reference core cooling scheme. Preliminary studies show that with specific gags and clad
roughening, the core can be operated at relatively low clad temperature (hot spot below 570°C).
This provides comfortable margins for normal operating conditions with conventional fast reactor
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cladding material and also improves the behaviour in transient conditions (reduced fuel stored
energy).

L L
o L
L

Figure 2.3.4 : Core horizontal section

2.3.5 Decay Heat Removal system

The Decay Heat Removal function is provided by the Shutdown Cooling System (SCS)
complemented by the Reactor Vault cooling System also used to limit the temperature of the vault
concrete during operation. The normal operational mode of the SCS is the forced circulation. In
case of accidental loss of the forced circulation of primary helium, the decay heat can be removed
in natural circulation using the helium/water heat exchangers and natural circulation on the
secondary water side of the Shutdown Cooling System.

The three SCS units (each capable of 2MWth — i.e. 100% duty) are located into nozzles
connected to the pressure vessel at the same elevation as the connection to the PCS. The
elevation of the nozzles, about 7 m above the core mid-plane provides sufficient natural
circulation draught. This compact arrangement of the SCS circuits is a big design simplification
compared to external loops.

The SCS units are conceived as integral modules that can be removed and replaced by a spare
unit. Each unit includes a check valve, a helium/water Heat Exchanger and a motor driven helium
circulator complemented by an active flow shutter located in the Cross Vessel cold duct. The
circulator motor and possibly the moving parts can be removed independently.

The ability to meet the reliability target of 10”/year for the loss of DHR is a key issue for the safety
of the Gas—cooled XADS. It appears reachable with three SCS secured loops, partial
depressurisation to about 10 bars at shutdown and a 2/3 diversity combined with a special SCS
maintenance scheme.
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2.4 The 50 MWth LBE-cooled XADS (MYRRHA)

2.4.1 Nuclear Island

The MYRRHA building is based on a fully remote handling system (fuel and components) scheme
in view of the high activation on the top of the reactor and the Polonium contamination. The
machine hall is maintained under oxygen-free atmosphere.

In the reference concept of the building (Figure 2.4.1), the accelerator and the main beam
magnets are located at ground level in a separate building. The MYRRHA building is a long, high
and relatively "thin" building (100 m length, 30 m width, and 40 m height). The beam line will then
enter the reactor building from above what means that this building has to be (at least) partially
sunk into the ground. The foundation invert lies at 30 m depth in this reference concept.

The reference concept may be improved by adding a 10 m-thick layer of sand, which is already
available from the digging of the building, to cover the whole surface. Instead of adding a layer on
top, the whole building may be lowered down.
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Figure 2.4.1 : MYRRHA reference building

2.4.2 Primary system

Because of the high fast flux and the high power density requirements of the MYRRHA machine,
the primary coolant is a liquid metal coolant, Lead Bismuth Eutectic to operate at modest
temperatures.

To take profit of the thermal inertia provided by a large coolant volume and of the feedback from
Na cooled fast reactors, a pool-type system has been selected. The configuration selected is a
standing vessel: due to the high mass of the coolant and the temperature distribution, it was
found more convenient to design the supporting structures in such a way that the most stressed
areas are not also the hottest — which would have been the case with a hanging vessel. The
standing vessel is combined with a flat bottom which optimizes the volume of primary coolant.

The system is shown in Figure 2.4.2 with the double-wall pool Containment Vessel, surrounded
by a biological shield to limit the activation of the soil as the reactor will be installed in an
underground pit. This shield will be closed above the Reactor Lid to form a hot cell used as
remote handling area for all operation and maintenance services to the reactor.
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The Core is mounted on a central support column hung from the Reactor Lid and being stabilised
by the Diaphragm, the separating shell between the cold and hot LBE coolant, which is fixed
ultimately to the rim of the Double-Wall Vessel. The overall arrangement of the reactor roof and
internals is highly influenced by the spallation target and its off-centered layout. Loading and
unloading of fuel assemblies is foreseen to be carried out by classical in-vessel fuel handling,
however from underneath. The pool also contains the liquid metal Primary Pumps, the Heat
Exchangers using water as secondary fluid and the two fuel handling robots located on the typical

Rotating Plug of fast reactors.

LBE cooled XADS

Core Power MWth 50
Primary Coolant LBE
Nominal Core Inlet Temperature °C 200
Nominal Core Outlet Temperature °C 337
Primary Coolant Flow rate kg/s 2500
Total Primary System Pressure Loss MPa 0.5
IHX secondary coolant Water or Steam
Water/Steam pressure MPa 2.5/0.7
Water at IHX inlet °C 140
Water at IHX outlet C 160

Table 2.4.1 : MYRRHA Primary System parameters

Figure 2.4.2 : MYRRHA primary system vertical cutaway
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2.4.3 Target Unit

The MYRRHA machine should be a multi-purpose research facility of reasonable dimensions, but
with high-level requirements, among others high flux levels (®tot > 5.10" n/cm?s and ©>0.75
MeV = ~ 10" n/cm32s) and high availability rate. As a direct consequence, the central hole in the
core (which houses the spallation target) should be of limited dimensions in order to keep many
locations available in the core (to install experiments) where the fluxes are sufficiently high.
Considering the moderate value of 350 MeV of the proton beam energy, resulting in high current
intensity (Maximum 5 mA) and density, the choice of a windowless target design became
mandatory.

The MYRRHA spallation target unit forms an interlinking circuit with the core as the central hole
housing the spallation target is very limited in diameter (100 mm). Therefore the spallation target
services (pumps, HX, vacuum pumps) are put in a cylindrical housing aside at the core periphery
as shown in Figure 2.4.3. Despite the interlinking design, the MYRRHA spallation unit is also
removable component to be extracted from the core as is. One should also mention that the
spallation target unit is in place when loading or unloading fuel assemblies.
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Figure 2.4.3 : MYRRHA spallation loop

2.4.4 Core

The core (Figure 2.4.4) of 50 MWth, is designed as a compact configuration with an active length
of 600 mm and a maximum core radius of 1000 mm with 99 hexagonal positions, because the
main objective of the facility is to obtain a very high fast neutron flux for experimental needs. Not
all positions are occupied by fuel assemblies but could contain fast spectrum irradiation devices
or moderating material to create thermal neutron flux regions. A typical configuration with BOC
keff of 0.95, value used for fuel storage is achieved by using 45 to 50 fuel assemblies. There are
19 core positions accessible through the reactor lid capable of housing experimental devices with
own ancillary equipment above the reactor lid. All remaining positions can house either fuel
assemblies or off-line serviced experimental rigs. The Core is driven by a fixed proton current for
the whole length of an irradiation cycle of 90 days with a keff swing due to burn up of 1%. After
core re-shuffling, the keff will be brought back to the initial value of 0.95.
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The operating scheme considered consists of two 90 operating days cycles followed each by 30
days light maintenance, plus a third 90 operating days cycle followed by 90 days heavy
maintenance. This does not require current compensation for the keff swing, with an availability
factor of 70%, reasonable for an experimental facility. This working scheme avoids overpower
transients due to erroneous increase of beam current.

NWVOX-2004

TNOX-30%

Figure 2.4.4 : MYRRHA core horizontal section

2.4.5 Decay Heat Removal system

The safety system for the Decay Heat Removal of the small-scale LBE-cooled XADS MYRRHA is
the Emergency Cooling System (ECS). The ECS is based on a fully redundant and passive
scheme with two independent systems, each capable of 100% duty. It also implies that the ECS
is based on passive principles: no pumps or fans, no power-operated valves, no active
pressurizer. Each ECS circuit is composed of a primary exchanger (EHX) providing the thermal
contact between the primary LBE and the secondary loop fluid (water), a check valve at the
bottom of the EHXs, and a closed circuit with water operating in natural convection and including
a water/air cooler.

The check valve at the bottom of the emergency HXs is crucial for the good behaviour of the
system. In emergency operation, i.e. when all primary pumps are lost, this check valve should be
fully open in order to have a LBE flow through the ECS. In normal operation however, this check
valve should in principle be closed to avoid a large LBE bypass of the core. This closing and
opening of the check valve is a passive feature, triggered by the pressure head of the primary
pumps.
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2.5 Main Features of an Extrapolated 80 MWth Na-Cooled Concept

2.5.1 Introduction

For the PDS-XADS programme, studies of a sodium-cooled XADS are not included because it
was considered that due to the considerable existing knowledge and validation of sodium
technology, it was less urgent to launch design studies to assess the supporting R&D needs.
Therefore, the Na cooled option was to be considered only for economic comparison purposes.
The objective of this chapter is to review the main options and characteristics of a 80 MWth Na
cooled XADS and then derive a cost from available cost data of Na-cooled reactor. This cost will
not be considered as an absolute value but as a reference yardstick for comparison with other
cost assessments performed in the course of the project.

2.5.2 Main plant features

A brief review of the main features of an extrapolated sodium cooled XADS is briefly discussed
below :

- Power : 80 MWth
- Accelerator : XADS reference LINAC accelerator

- Core : The core can be derived from classical Fast Breeder Reactor sodium cooled cores. A
compact core arrangement with a typical reduced pitch value (p/d ~ 1,15) can be conceived due
to the sodium coolant heat transfer and heat transport properties. This would lead to high
volumetric power in the range of 250 to 300 MW/m?®. The subcriticality level will be similar to the
one of the 80 MWth LBE as some of reactivity insertions used for this core were derived from
EFR even though this would require optimisation. The core AT can be optimized to reduce creep
on hot structures from 150 °C down to 100°C such as for the LBE cooled XADS. However, even
with a 150°C AT, the design of the primary system fixed structure should be compatible with a
large number of accelerator beam ftrips as indicated in Ref. [2]. The core and sub-assembly
technologies are already available.

- Primary system :
A conventional sodium cooled integrated concept can be used.

» The Secondary loops (3 a priori) can be extrapolated from EFR / Direct Reactor Cooling / loops
(15 MWith) and upgraded to 23 MWth. In the case of EFR, the DRC loops were the Safety
Classified system for Reactor Decay Heat removal. There were two different systems DRC1 and
DRC2 to reach high level of reliability of the DHR function. DRC1 was only relying on natural
circulation and DRC2 were active loops with a 2/3 capacity in natural circulation. Here for the
main loops DRC2 active loops using Serpentine Sodium/Air Heat Exchangers and Compensated
sodium/sodium dip coolers would be a most cost effective option and the natural circulation
capacity will be high enough for the Decay Heat Removal. The complementary system for DHR
will be the vault cooling.

* Reactor vessel can have a compact arrangement due to small core diameter and excellent HX
properties. However this will be partly balanced by the room needed to accommodate the core
feeding pipes and the redan (internal vessel separating cold and hot pool), see the sketch on
Figure 2.5. It is likely that the sodium cooled XADS would result in dimensions fairly similar to the
LBE-cooled XADS (i.e Reactor Vessel of 6 meter diameter and a total height of 10m).
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* As far as technology is concerned, there is no significant need for significant developments. The
technology including material/ISI/maintenance cleaning/decontamination of components is
already fully available.

- Target :

A wide range of possibilities is offered to the designers. The three target concepts developed for
the 80 MWth reactor can be adapted to the Na cooled XADS.

* LBE ANS windowless target
* LBE ANS window target
* LBE FANP window target with external circuit

» Solid target cooled by Na (offers wider possibilities for window material selection and
temperature adjustment thanks to high heat exchange coefficients)

It can be considered that the technological and R&D needs are very similar to that of the 80 MWth
LBE concept.

- Safety
e Reactor shutdown/reactivity : no big difference is expected compared to the LBE concept

e DHR : For EFR, in case of Category 2 and 3 operating conditions, the primary flow was
insured in forced convection with Stand By Power System (STBP : Diesels). The natural
convection was only considered for Category 4 events with a primary flow of more than
2% of nominal flow (core AP of 5 bars). However, it would have been possible to rely on
natural circulation also for Category 2 events (taking into account inter-wrapper flow but
this was not accepted by the safety advisors who asked for a STBP on the main pumps). It
was considered that the combination of active and passive systems on the DHR loops
would lead to the highest reliability of the DHR system. The same principles can be
applied to the Na cooled XADS and no problem of Decay Heat removal in natural
circulation if the secondary loops are extrapolated from EFR DRC2 loops.

e Radiation protection : slightly less favourable than LBE but very similar compensation with
solid shielding

o Verification that interaction between LBE and Na in case of target leakage does not have
safety consequences.

e Containment : No Polonium in the primary circuit but address secondary sodium fires
(EFR).

e ISl & Repair : The technologies are already available and backed by a large feedback
especially on Phénix and Superphénix and associated R&D programme. The design can
be optimized to reduce the inspection needs (especially for a small size reactor) and
improve the access to the critical areas as that was started in the course of the EFR
project.
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- The R&D needs

In case of sodium cooled XADS, the coolant technology, primary system, secondary system, Fuel
and Component handling systems are already available. The R&D efforts could be concentrated
on the specific issues of an ADS reactor i.e. Accelerator, Target and coupling issues. The sodium
cooled option is therefore the natural fall-back option in case of difficulties or deadlocks revealed
in the development of the LBE cooled reactor technology.
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Figure 2.5 : Sketch of a Na cooled XADS

2.5.3 Cost trends of a Na cooled XADS

There are two practical routes for assessing a cost estimate in a pre-design phase i.e without
detailed cost enquiries. The first and most reliable one is to derive cost estimate from physical
quantities and unit power of various types of components vessels, heat exchangers, pumps,
reactor building and to apply typical unit cost. Knowing that no design of a Na-cooled XADS is
available, a more reliable route is probably to start from well known cost of larger size reactors
and apply laws of economy of scale.

k
Cl (Pl
Co PO
CO0, PO: Plant construction cost (overnight) and power rating of a reference reactor

C1 Plant construction cost extrapolation for a P1 power rating reactor
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Typical values of the scaling factor k (exponent of the scaling law) for each of the cost categories
for nuclear and fossil-fired plants are given in Ref. [3]. For nuclear, these factors are derived from
cost models based on LWR technology. There are two sets of factors : one for small size
changes, and the other for the large transition implying discontinuities in cost size scaling. The
first set results in a cost-weighted average factor of 0.5, compared to 0.64 for the second set.

The Reference Overnight Construction Cost is the EPR cost of 1283 €/KWe installed (2001
economical conditions), as described in Ref. [4].

The Unit cost for the Na cooled technology of similar Power Unit is derived from EFR
(1500MWe/3600MWth) economical studies with a ratio EFR/EPR of 1.27.

The cost of a First Of A Kind (FOAK) is taken from EFR studies to 1.3 times the cost of a series
reactor.

From this, the cost per KWth of an EFR FOAK of 3600 MWth, would be :
Co =1283 * 1.27 * 1.3 * 1500/3600 = 882,6 €/KWth

The reference overnight cost of EFR FOAK is therefore:

C0=c(,*3600 MWth = 3177 M€

Applying a k scaling law would lead to :

k 0.5 0.6 0.64 0.7
C1 (M€) 474 324 278 221

Considering a best estimate k factor in the range of 0.64 to 0.6, a 80 MWth Na cooled reactor
would roughly cost between 280 MEuros and 330 M€ (2001 costs).

This figure is just to provide an order of magnitude for the comparison with a LBE cooled system
ADS based on a pre-design. There will be considerable changes for the case of no electricity
production which leads to plant simplification and economical savings. On the other hand the
higher complexity and overall size of the building due to the presence of the accelerator (Beam
transfer line) and associated shielding on top of the reactor should compensate this savings.
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3. XADS CONCEPTS EVALUATION

The concept evaluation uses the set of criteria and ranking system established within Deliverable
40. For each criteria, a rating assessment is made, ranging from 1 to 3 points, 3 points implying
the highest rating. After each assessment table of sections 3.1, 3.2 and 4, explanations are
provided about the rationale of each criteria.

3.1 Review of the Concepts Consistency with the XADS Objectives

3.1.1 Recall of the XADS objectives

The missions, technical specifications and main characteristics assigned to the XADS were
defined at the beginning of the Project in Deliverable 1, Ref. [1]. They were widely based on the
ETWG Roadmap, Ref. [2] which defined, in 2001, the strategy to be pursued in Europe towards
the demonstration of the feasibility of nuclear waste transmutation ; the construction of an XADS
being one of the key steps of this demonstration. In this context, the main goal of the PDS-XADS
Project was to progress towards the demonstration of the ADS feasibility.

Being now at the end of the PDS-XADS Project, it is of first importance to verify if the technical
characteristics of the different XADS concepts designed during the three years period are
consistent with the initial XADS objectives.

Those missions and objectives assigned to the XADS plants were divided into three main topics :

e The capability to demonstrate the feasibility of an ADS ;

e The capacity of the XADS to be converted into a XADT (eXperimental
Accelerator Driven Transmuter) ;

e The reliability and availability of the plant.

In D40, Ref. [3], those missions and objectives have been translated in terms of technical
characteristics. In the present section, the initial characteristics are recalled first and are then
compared to the characteristics of the different proposed concepts. This comparison is based on
the evaluation grid proposed in deliverable D40. Table 3.1 summarises the assessment.

3.1.1.1 Capability to demonstrate the ADS feasibility
Linked to the objective of ADS feasibility demonstration, technical characteristics were assigned
to the XADS. Those technical characteristics are detailed hereafter for the three main

components : accelerator, spallation target and sub-critical core.

Accelerator characteristics :

The main accelerator characteristics required in D1 were :

e Proton energy : 600 MeV'
e Beam intensity : 6 mA CW on Target (10 mA rated)

! feasibility of extrapolation to 800 MeV or 1 GeV should be easily achievable
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Spallation module characteristics :

The main target characteristics required in D1 were :

e Power :in the range 2 - 5 MW

e Proton current density: 50 pA/cm? (for the window concept) and 750 pA/cm?
(for the windowless concept)

e Target life time : -about one fuel cycle (3 years)

e Window life time : 3 to 6 months

Core characteristics :

The main core characteristics required in were :

e High fast flux level with a goal for the average neutron flux in the order of
- 1x10" n/cm2.s and a peak flux of about 2.5 to 3x10"® n/cm2.s

Minimal core volume : 500 litres

Volumic power : in the range 80 — 200 W/cm?

Maximum plutonium content : 35 %

Loading factor : 0.5

3.1.1.2 Flexibility/Convertibility

The XADS being a research tool, flexibility in the operating conditions is desirable. This flexibility
should :
o allow to perform specific experiments aiming at a better understanding of the
ADS physics ;
o take into account the possibility to load the core with fuel containing Minor
Actinides (MAs) and demonstrate the capability to burn those MAs.

With those aims in view, variations of the following operating parameters should be taken into
consideration for the sub-critical module :

e Capability to operate at different power levels ;
Capability to operate at different sub-criticality levels ;

e Capability to accept fuel containing MAs (from both the core geometrical
arrangement point of view and the safety point of view) and capability to burn
those MAs.

3.1.1.3 Reliability and availability

Reliability and availability of the plant are to be considered from two points of view : economy and
safety.

The XADS being an experimental reactor, from the economical point of view, the availability of the
plant must essentially be sufficient to produce the required results in a reasonable time scale. The
requirements in this field are certainly less demanding than for an industrial electricity production
plant.

On the other hand, even if the XADS is an experimental reactor, its safety level must be
consistent with the international safety standards. Consequently, the requirements that have been
put on the XADS in terms of availability in Deliverable 1 are in the same order of magnitude as for
critical reactors.
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With the designs proposed for the three different XADS, the availability as well as the reliability of
the plant are strongly dependent on the accelerator behaviour, particularly proton beam trips and
periodic maintenance periods. Consequently, the reliability of the plant was essentially addressed
form the accelerator point of view and a maximum number of shut-downs per year of 5 was
assigned to the plant®. The reactor itself is to be designed for 50 beam-trips a year.

As far as availability is concerned, during the three years period of the PDS-XADS Project no
detailed studies were carried out on this topic (only the LBE-cooled concept (80 MW4,) includes
an annual availability target of at least 70% over plant lifetime).

3.1.2 Assement of the different concepts
3.1.2.1 LBE Cooled 80 MWth

3.1.2.1.1 Accelerator

First of all, it must be pointed out that the design of the proton accelerator was common to both
the 80 MWth designs (gas-cooled, LBE-cooled). A LINAC (LInear ACcelerator) design has been
chosen with a Continuous Wave (CW) operation mode. The main accelerator characteristics,
summarized in Table 3.1.1, fit rather well with the requirements provided in section 3.1.1.

Max. beam intensity 6 mA CW on Target

Proton energy 600 MeV

Beam trip number per year® < 5 for the accelerator design

Beam power stability 2%

Beam energy 1%

Beam intensity 1 2%,

Beam footprint size +10%

Beam footprint on target - Rectangular 80x-10 mm, for the LBE-Cooled concept
- Circular 160 mm diameter, for the gas-cooled concept

Table 3.1.1 : Accelerator characteristics

However, the technical solution proposed by WP3 still requires further investigations on several
topics (Deliverables D61, D62, D63)). More particularly :

e The reliability requirement which has been put on the proton accelerator (less than 5 beam
trips of duration higher than 1 second) is very stringent according to the current
development of those machines (developments are planned within EUROTRANS on the
reliability item : solution based on the fault tolerance principle) ;

e The beam intensity stability of £+ 2 % is also rather stringent and is to be further
investigated.

Moreover, it is worth mentioning that two other important topics were identified during the course
of the Project :

2 It is worth pointing out that the threshold which defines the limit between beam interruption (stop and re-
start of the accelerator) and beam trip (full shut-down of the reactor without immediate restart) is not
precisely defined at the present stage. A provisional value of 1 second has been chosen, but it may vary
from a few hundreds of milliseconds to one second approximately. Further investigations are necessary to
fix this value.

3 exceeding 1 second
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¢ Regarding the time structure of the proton beam, even if a CW operation mode has been
chosen for the LINAC, the beam intensity must be shaped to allow for on-line sub-
criticality measurements (beam interruptions of 200 ys approximately). The proposed
beam time structure has to be translated in terms of technical solutions and cross
assessments have to be done in order to check if the proposed duration of the beam
interruption is compatible with a proper measurement of the core sub-criticality ;

e Finally, linked with the safety of the plant, the demonstration of the very high level of
reliability of the accelerator has to be done (it is worth mentioning that, in ADS, the proton
accelerator is comparable in terms of safety to the control/safety absorber rods of critical
reactors).

On the basis of the above rationales and according to the definitions proposed in D40, i.e. to each
criteria, a qualified, judgemental rating assessment (a rating ranging from 1 to 3 points: 1 point
implying a relative low rating, 3 points implying a relatively high rating), it was decided to consider
that “The technical characteristics of the accelerator are fully coherent with the required values”.
But according to the needs for further R&D and the anticipated difficulty to fill the gap
between the current “paper” design and the final one, a value of 2 has been put on the
accelerator design of both the LBE- and gas-cooled XADS (80 MWy,).

3.1.2.1.2 Spallation Module

The reference option of the spallation module is the windowless design ; the window design even
if studied within the frame of the Project is considered as the back-up solution :

e Windowless option : protons impinge directly on the LBE fluid. Cooling is ensured by
forced circulation ;

o Hot-Window option : there is a metallic separation between the vacuum pipe and the
target. LBE is in natural circulation. There is a secondary cooling by an organic diathermic
fluid.

The spallation module characteristics are summarised in Table 3.1.2. They fit rather well with the
XADS requirements.

Proton energy E = 600 MeV
Max. proton beam intensity =6 mA

Max. target power / beam power P=26/3.6 MW
Target material Liquid LBE

Max. proton current density (beam window concept) <50 uA/cm2
Average current density of the beam spot scanning (beam | ~ 750 pA/cm?

windowless concept)

Target life time

About one fuel cycle (3 years)

Beam window life time

3 to 6 months

Max. window temperature

525°C

Table 3.1.2 : Main Technical Characteristics for LBE Targets

However, it was found during the project that the window design is difficult and clearly constitutes
a compromise between different phenomena : radiation damage, thermo-mechanics, thermal-
hydraulics, material behaviour,... The consequence of this complexity is a rather large uncertainty
on the window life time and consequently the frequency of replacement of the bottom part of the
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proton beam tube guide. The frequency of replacement of this component will strongly affect the
XADS availability.

Because the target is one of the highest loaded components, accurate determination of the
energy deposition in a XADS target is mandatory for a reliable thermal-hydraulic and thermo-
mechanical design. Therefore numerous key issues are to be further investigated for the
development of the target unit :

¢ Neutron generation (number and spectrum) ;

e LBE chemistry and corrosion control (limiting the operating temperature range, limiting the
complexity of the circuits since it might enhance the corrosion, requiring a purification
system) ;

e Corrosion of the structural materials (particularly the selected window material :T91) and
mechanical characterization of materials under irradiation. High fluxes of protons and
neutrons of different energies lead to material damage caused by displacements of atoms
or by production of helium and hydrogen inside the structures thus leading to a
considerable embrittlement of the materials ;

e Development of models and codes ;

¢ RCC-MR code was used as design rules for the sizing of the target components, but
currently there are no irradiation effects included in this code for the reference material
T91. Results of experimental investigations on irradiation behaviour of materials have to
be evaluated with respect to an implementation in these design rules in order to provide a
sound basis for mechanical design of target units;

¢ Radioactive product inventory (for purification systems and particularly for the windowless
option) ;

e Shielding (a very sensitive issue since the proton channel offers an easy way for the
particles to leak) ;

¢ For the windowless Target Unit : characterization and assessment of devices for removal
of the spallation vapours released through the free surface; material characterization of a
pump shaft in order to limit the energy deposit and to increase the cooling by radiation;
free level stability.

Moreover :
e development of new turbulence models or qualification of the existing ones taking into
account that the results of the analyses performed are very sensitive to these models;
¢ development of free surface model in the presence of vacuum space to be implemented in
CFD codes and qualification of thermal-hydraulic correlations (heat transfer, pressure
drop, etc).

On the basis of the above rationales and according to the definitions proposed in D40, it was
decided to consider that “The technical characteristics of the accelerator are fully coherent with
the required values”. But according to the needs for further R&D and the anticipated
difficulty to fill the gap between the current “paper” design and the final one, a value of 1
has been put on the windowless spallation module of the LBE-cooled XADS (80 MW,;,) and
1 on the window option.

3.1.2.1.3 Sub-critical core

The sub-critical core of the LBE-XADS, as it has been designed, is fully coherent with the
specifications. The ability of such core to meet the requirements is certainly maximized by making
reference, where applicable, to the proven solutions of FBR'’s core and fuel designs.

The natural coolant circulation system which is, during normal operation, assisted by means of
controlled gas injection in the riser channels offer however some innovative features which are




A PDS-XADS - WP 1 - Deliverable 86 - PDS-XADS Deliverable 86
General Synthesis

FRAMATOME ANP Rev:C 41/158

out of the present knowledge. This circulation system is essential for doubling the flowrates
limiting the coolant temperature increase to about 100 °C but offers limited flexibility in terms of
power density and hence on transmutation rate capabilities. The wider spacing of the pin lattice
helps sustaining natural circulation regimes due to the substantially reduced friction losses, which
depend on larger hydraulic diameters.

The moderate fuel power density resulting from the core power choice and the assessed fuel
mass has been considered reasonable for a first XADS core operation which is mainly entitled by
the primary objective of testing the overall plant performance and, even more, of demonstrating
and testing the coupling with the accelerator system, without any exigency of stressing the facility
beyond these effective needs.

The duty cycle of the coolant has been set at moderate temperature levels, between 300-400°C.
The lower operating temperatures and the higher boiling point of the LBE in comparison with the
Sodium cooled FBR result in a higher margin to voiding and hence comparably higher availability
for reactivity feedback during fast power/temperature surges occurring in abnormal transients or
accidents which could be expected. This moderate temperature is also a prudent choice with
respect to the risk of corrosion of structural materials.

The estimated LBE cooled 80MWth core power XADS reactivity variations in representative
normal conditions as well as DBC’s and DEC’s has been analysed to avoid any reactivity
excursion. The core multiplication factor for normal operation at full power and BOC is thus set at
k=0.984-0.014=0.97, that is the subcriticality margin is -3%, while the required keff <0.95 during
refueling implies the need to use neutron absorbing devices.

On the basis of the above rationales and according to the definitions proposed in D40, it was
decided to consider that “The technical characteristics of the sub-critical LBE core are fully
coherent with the required values”.

Hence the needs for further R&D being limited, a value of 3 has been put on the sub-critical
core of the LBE-cooled XADS (80 MW,,).

3.1.2.2 Gas-Cooled 80 MWth

3.1.2.2.1 Accelerator

As stated before, the design of the proton accelerator is common to both the LBE-cooled and the
gas-cooled concept (80 MWy,). Thus, the assessment provided in section 3.1.2.1.1 remains valid.

3.1.2.2.2 Spallation Module

LBE was chosen as target material, and most of the work carried out in the XADS design was
about LBE targets. Nevertheless, a totally different source was proposed for the gas-cooled
XADS, based on a He-cooled solid tungsten target. This alternative has been only briefly
described and studied in Deliverable D70, part 2, Ref. [4], but the solid target seems to be
particularly well suited for the gas-cooled XADS.
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Proton energy E = 600 MeV

Max. proton beam intensity | =6 mA

Max. target power / beam power | P=2.6/3.6 MW

Target material Liquid LBE

Max. proton current density < 50 uA/cm?

(beam window concept)

Target life time About one fuel cycle (3 years)
Beam window life time 3 to 6 months
Max. window temperature 525 °C

Table 3.1.3 : Main Technical Characteristics for LBE Targets (80 MWy,)

The statement made in 3.1.2.1.2 for the LBE-cooled XADS remains valid : as anticipated at the
beginning of the Project, the design of the target is one of the critical issues of the ADS
development.

Particularly, the window design is rather difficult and clearly constitutes a compromise between
different phenomena : radiation damage, thermo-mechanics, thermal-hydraulics, material
behaviour,... The consequence of this complexity is a rather large uncertainty on the window life
time and consequently the frequency of replacement of the final part of the proton beam tube
guide. The frequency of replacement of this component will strongly affect the XADS availability.
The solid target is likely to improve the availability but the design is still too preliminary to
establish it.

As a consequence, several further developments were identified for the target module. They are
the following :

¢ neutron generation (number and spectrum) ;
¢ radiation damage (for T91 and TZM alloys) ;

e radioactive product inventory (for purification systems and particularly for the windowless
option) ;

¢ heat deposition and coolability (for the different windows) ;
¢ thermal and mechanical analysis (for T91 and TZM alloys) ;

¢ shielding (a very sensitive issue since the proton channel offers an easy way for the
particles to leak) ;

e LBE chemistry and corrosion control : limiting the operating temperature range, limiting the
complexity of the circuits since it might enhance the corrosion, requiring a purification
system (an alternative to the oxygen control might be looked at in the windowless option).

On the basis of the above rationales and according to the definitions proposed in D40, it was
decided to consider that “The technical characteristics of the accelerator are fully coherent with
the required values”. But according to the needs for further R&D and the anticipated
difficulty to fill the gap between the current “paper” design and the final one, a value of 1
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has been put on the liquid spallation module of the gas-cooled XADS (80 MW;,) and 1 on
the solid spallation module.

3.1.2.2.3 Sub-critical core

The core is cooled by helium at a pressure of 60 bar. Helium has been chosen because it is inert
and is consistent with the choice of this gas as a coolant for other advanced reactors such as
HTR, which are also currently undergoing development. Technology can therefore be shared with
these other projects. Because of the poorer thermal properties of gas when compared with liquid
metal coolants a high pressure is required to give adequate cooling properties. The pressure has
been limited to 60 bar to prevent operational difficulties that may arise from significantly higher
pressures.

Since a primary objective of the XADS project is the demonstration of accelerator driven
technology, conservative parameters have been chosen for burnup to ensure reliable fuel
performance.

The core is provided with a radial reflector and boron carbide radial shields of two types, all based
upon the EFR design. These reduce neutron damage to core components.

Shielding is also provided within the fuel sub-assembly, above and below the core. Above the
core the shielding is in the form of steel and boron carbide pins to allow coolant flow through the
shield whilst reducing neutron damage to structures above the core.

Compared with the LBE cooled core, there is only a limited amount of bismuth in the target.
Consequently polonium production is much lower and there is no need for special means of
special shielding to reduce its production.

An initial maximum operating k-eff of 0.97 was chosen for the core. Subsequently this has been
reviewed on the basis of the more detailed information on the core performance obtained during
the project.

For refuelling it is proposed to remain within an upper limit k-eff of 0.95, which is a level set for
storage of fuel outside a reactor. For refuelling it is also necessary to allow for reactivity increases
due to refuelling errors, in addition to those errors considered for normal operation. Absorber rods
have therefore been implemented at the core periphery, to further reduce reactivity during
refuelling, with three of their faces adjacent to fuel S/As in order to get a reasonable reactivity
worth. Absorber rods, with a nominal worth of 3500 pcm, have been included in the core design to
reduce reactivity whilst refuelling. To ensure that a refuelling k-eff of 0.95 is not exceeded it will be
necessary to operate the core at a k-eff of 0.963 to 0.964, depending upon the uncertainties. To
allow operation at k-eff = 0.97 a small increase to the worth of the absorber rods will be needed,
and should be feasible. The assessment does show that a maximum operating k-eff of
approximately 0.97 is realistic for this stage of the project, although further work will be required to
fully substantiate this.

For the gas-cooled XADS the cooling of the clad is an important factor because of the relatively
poor heat transfer from the clad into the coolant when compared with a liquid metal cooled core.
To provide adequate cooling it is necessary to gag the sub-assemblies in four flow groups and to
roughen the clad. A preliminary recommendation for the clad roughening is to use rectangular ribs
with a height of 150 pm on a pitch of 1.0 to 1.5 mm, based upon experience with the UK
Advanced Gas Reactor (AGR). With both gagging and roughening, a clad hot-spot temperature of
approximately 570 °C is achieved, which shows some margin to the normally accepted clad hot-
spot temperature of approximately 700 °C for fast reactor cladding material.
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On the basis of the above rationales and according to the definitions proposed in D40, it was
decided to consider that “The technical characteristics of the sub-critical Helium core are fully
coherent with the required values’.

Hence the needs for further R&D being limited, a value of 3 has been put on the sub-critical
core of the Helium-cooled XADS (80 MWj,).

3.1.2.3 MYRRHA 50 MWth

3.1.2.3.1 Accelerator

The accelerator for MYRRHA is very similar to the LINAC proposed for the two other concepts.
This is a remarkable feature of this accelerator concept : its validity for a very different output
energy range: 350 MeV for the smaller-scale XADS require for example nine B = 0.65 elliptical
cavities cryomodules; in order to obtain 600 MeV, simply ten more cryomodules have to be added
(7 with B = 0.65 and 3 with = 0.85) and 12 additional (B = 0.85) boost the energy to 1 GeV. The
proton intensity for MYRRHA is slightly smaller (5mA) as for the two other concepts.

In consequence, if the principles for the assessment of the MYRRHA proton accelerator are the
same than for the other concepts, the significantly lower characteristics associated to this
component (350MeV, 5mA rather than 600MeV, 6mA as mentioned in the specifications) leads to
a lower quotation than for the two other concepts : 1 has been put on the MYRRHA LINAC
because the design values of the accelerator are out of the range required for the XADS,
even if the modularity of the design is very helpful to propose an extrapolated design of
this component to higher proton energies.

3.1.2.3.2 Spallation Module

The spallation module of the MYRRHA concept use a technology which is very similar to the one
of the ANSALDO design : LBE used as both target and cooling material, windowless design. The
biggest differences lays in two design options :

o Likewise for the accelerator characteristics, the design characteristics of the MYRRHA
spallation module are out of the range of the XADS requirements (see Table 1.2.3) ;

e The target cooling loop implantation of the MYRRHA concept is forming a loop around the
core within the primary system. Thus, MYRRHA has a very compact core design (158 mm
in diameter) while the window or windowless X-ADS has a larger spallation target unit
diameter (650 mm for the LBE-XADS and 550 mm for the Helium-XADS ).

Proton energy E = 350 MeV
Max. proton beam intensity I=5mA
Max. target power / beam power P=1.4/1.65 MW
Target material Liquid LBE
Average current density of the beam spot scanning (windowless) ~ 150 yAlcm?
Target life time About one fuel cycle (3 years)
Beam window life time 3 to 6 months
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Table 3.1.4 : Main Technical Characteristics for the MYRRHA Target

Likewise for the ANSALDO design, the feasibility of the windowless design mainly depends on
the practicability to maintain the vacuum in the accelerator tube and to properly confine the
gaseous spallation products.

It can be seen in Table 3.1.4 that the MYRRHA spallation module presents characteristics
which are significantly lower than the requirements. Moreover, the extrapolability of the
current design to the industrial scale seems not obvious. Consequently, the proposed
mark is 1.

3.1.2.3.3 Sub-critical core

Due to the objective of conceiving a fast spectrum core, and due to the fact that non-revolutionary
options were considered, the neutronic design of the sub-critical core was based on MOX fast
reactor fuel technology. Besides the smaller radial sizes, the solid (without central hole) fuel
pellets were used in order to simplify fuel production. The initial request was to limit the Pu
enrichment to maximum 30% in weight and the maximum linear power to 500 W/cm. Due to the
low proton energy chosen (350 MeV), leading to a spallation neutron source length of ca 13 cm
(penetration depth of protons), it was also decided to limit the core height to 60 cm. This height is
compatible with the purpose of MYRRHA to be an irradiation facility for technological
developments.

The triangular type grid has been used for the fuel rod bundle. The relative pitch (a ratio of the
distance between the centres of the neighbour rods to a rod diameter) has been set up to 1.305 in
order to assure the coolability of the hottest channel at the coolant velocity limited to 2 m/s and
the coolant heat up limited to 200 °C.

The reference configuration of the MYRRHA core fulfilling beginning of live (BOL) conditions of a
keff close to 0.95 and a thermal power ~50 MW.

This sub-critical core achieves a primary source neutron multiplication factor, ks, of 0.960 (the
keff-eigenvalue being 0.9495) yielding, for a 5 mA proton beam, a thermal power of 51.5 MW. An
additional 1.43 MW is deposited by the proton beam.

The peak linear power density in the hottest pin amounts to 361 W/cm at BOL, which does not
show any overheating problem during some Design Basis Conditions (DBC).

A fast flux (F> 0.75 MeV) level of 10" n/cm?s is reached in the neighbourhood of the spallation
target tube, in positions where irradiation devices for MA transmutation and structure material dpa
studies can be inserted.

On the basis of the above rationales and according to the definitions proposed in D40, it was
decided to consider that “The technical characteristics of the sub-critical small LBE core are fully
coherent with the required values”.

Hence the needs for further R&D being limited, a value of 3 has been put on the sub-critical
core of the MYRRHA (50 MW,,).
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3.1.3 Flexibility of the XADS and its convertibility from XADS to XADT

Transmutation of both minor actinides (MA) and LLFP has been studied in the three cores (but in
a non-consistent way) and show different results.

3.1.3.1 LBE-Cooled 80 MWth XADS

The capacity of the “XADS preliminary core” to irradiate radioactive waste in the form of three
special dedicated elements with design proposed by Argonne National Laboratory, with quite
different characteristics from a fuel element of the XADS core in terms of nuclides and their
concentrations (metallic fuel with a significant amount of Minor Actinides and Tc-99 as LLFP,
inserted in a zirconium matrix).

The impact of these fuel elements on the neighbouring pins and sub-assemblies has been found
acceptable with a capability to demonstrate the technology of these fuels. However, due to the
nature of the fuel being used, no transmutation capability can be verified with these experiments.

Other studies with a core fully loaded with MA (this time U-free fuel with MgO matrix) have
demonstrated there is a good compromise between core and transmutation performances for a
XADT core having a power ranging between 200 MWth and 400 MWth.

Core with lower power size allows to reach values of transmutation rate high enough and to meet
the requirement to be subcritical by design without need of absorbers mechanisms to cope with
reactivity increase.

Core with larger power size permits to reach values optimum for transmutation and neutronic
performance, but it requires to carry out refuelling strategies (reshuffling or exploiting movable
absorber assemblies strategies) to cope with K-eff increase during the cycle.

It is worth underlining that these analyses have preliminary investigated only the neutronic
aspects of a core functioning as a transmuter.

An exhaustive study should take into account other aspects related to safety and economics as
well as problems deriving from manufacturing and reprocessing processes of this kind of fuels.

On this basis, a precise assessment for those issues but given the present stage of the studies
and according to the needs for further R&D, following decisions were taken:

o the core is flexible in terms of power level since the accelerator is designed to
operate at different power levels and a value of 3 has been set up for that,

o the core, with its absorbers, is flexible in terms of sub-criticality level and a value of
3 has been set up for that,

e the XADS is able to be loaded with MA fuel but with an Uranium support. Since the
demonstration is not fully representative of what is planned in transmuter, and also
the flux level is not suffiently high, a value of 1 has been put on the demonstration
of the irradiation capability,

o The demonstration of the capability to burn a significant amount of MAs requires
important system modifications and an increase of the power level. A value of 1
has been put on the demonstration of the capability to burn MAs, even if the 80
MWth XADS shows a good transmutation rate (about 44 kg/TWhy, for the first cycle
and ~30 kg/TWhy, for the tenth cycle).
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3.1.3.2 Gas-Cooled 80 MWth XADS

Actinide transmutation can be demonstrated in the XADS core. However the masses capable of
being transmuted in this facility are small but inserting special transmutation assemblies into the
XADS may be valuable for technology demonstration.

For the technetium transmutation, it was found that the build-up in the driver fuel is larger than the
transmutation in the special assemblies.

Large-scale transmutation will require dedicated cores with far higher density of nuclei in the fuel.
In addition, neutron fluence should be significantly higher in order to achieve high transmutation
efficiencies. The good compromise between transmutation and core performances of the Helium
cooled ADT (pending further detailed studies) seems to be a core having a power between 200
MWth and 400 MWth.

Modifying the core for transmutation purposes will imply significant changes on the residual power
which will increase by 50%.

Without system modification, a safe operation of the He-XADS will require a reduction of the
specific power which will require an overall reduction of the power plant down to around 50 MWth
from the 80 MWth initial value.

To remain at the same constant power of 80 MWth, an increase of the DHR loops capacity will be
required. This will have consequences on the size of the components, heat exchangers and
circulator for the forced circulation operation that should not lead to a big change in the design of
the SCS (oversized components still integrated within larger/longer Reactor Vessel nozzles).
Consequences for the natural circulation operation will deserve further assessments.

It appears that it is rather difficult to achieve a large heavy nuclide density when Minor Actinides
are incorporated significantly in the fuel. Only a high MA fuel density could allow a small core with
a net MA consumption and acceptable safety features. The current preliminary study has
demonstrated that there is a good compromise between transmutation and core performance of
the Helium cooled ADT (pending further detailed studies) for a core having a power between 200
MWth and 400 MWth.

At the present stage of the studies and according to the needs for further R&D, an approximate
assessment for those issues can be given:

o the core is flexible in terms of power level since the accelerator is designed to
operate at different power level and a value of 3 has been set up for that,

o the core, with its absorbers, is flexible in terms of sub-criticality level and a value of
3 has been set up for that,

o the XADS is able to be loaded with U-free MA fuel.The demonstration is more
representative than for the LBE-XADS but the flux level is not sufficiently high here
also and hence a value of 1 has been put on the demonstration of the irradiation
capability,

¢ the demonstration of the capability to burn a significant amount of MAs requires
significant system modifications and an increase of the power level. A value of 1
has been put on the demonstration of the capability to burn MAs.

3.1.3.3 MYRRHA 50 MWth

The MYRRHA small-scale core has been designed to have a much larger power density (peak
linear power not exceeding 500 W/cm) in order to achieve the efficient transmutation capability
even for limited number of MA pins or assembilies.
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A fast flux (F> 0.75 MeV) level of 10" n/cm?s is reached in the neighbourhood of the spallation
target tube, in positions where irradiation devices for MA transmutation and structure material dpa
studies can be inserted. Hence, the MYRRHA performance assessment as partially MA loaded
core, would lead to realistic technological feasibility demonstration of ADS as well as of MA
transmutation at reasonable scale (~1 kg of MA burned/18 kg of Am-Uy.. fuel loaded).

The technical demonstration of the feasibility of burning large transmutation capabilities has not
been studied for this system and remains an extrapolation to larger plant sizes of the plant . The
fact that the MYRRHA system is smaller in size and exhibits features suitable only for small plants
makes it less attractive for larger plant size.

On this basis, it is rather difficult to provide a precise assessment for those issues but at the
present stage of the studies and according to the needs for further R&D, following status can be
given:
o the core is flexible in terms of power level since the accelerator is designed to
operate at different power levels and a value of 3 has been set up for that,
¢ the core, without absorbers, is not so flexible in terms of sub-criticality level and a
value of 1 has been set up for that,
o the XADS is able to be loaded with MA containing fuel with high flux locations. A
value of 3 has been put on the demonstration of the irradiation capability,
o the demonstration of the capability to burn a significant amount of MAs requires
significant system modifications and an increase of the power level. A value of 1
has been put on the demonstration of the capability to burn MAs.

3.1.4 Relability and availability

The reliability of the XADS is strongly dependent on the accelerator reliability. That is the reason
why a specific requirement has been put on the number of beam trips accepted for the
accelerator (5 beam trips).

As far as the availability of the plant is concerned, it appears that it is dependent on the
availability of two main components which require rather frequent maintenance periods : the
accelerator and the spallation target.

However, during the three year period of the PDS-XADS Project no detailed studies were carried
out on the reliability and availability topics (only the LBE-cooled concept (80 MWy,) includes an
annual availability target of at least 70% over plant lifetime).

On this basis, it is rather difficult to provide a precise assessment for those issues. At the present
stage of the ADS development, the proposed solutions are coherent with the required values.
However, according to the needs for further R&D and the anticipated difficulty to fill the
gap between the current “paper” design and the final one, a value of 2 has been put on
both reliability and availability topics of the three concepts.
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Table 3.-1 Concept Assessment Table of the consistency with XADS objectives
(Rationale given in the next pages - Data list corresponds to the averaged rating as judged by the two

authors of this chapter and endorsed by the WP1 team).

Criteria Concept
80 MW LBE- 80 MW He- 50 MW LBE-
cooled XADS cooled XADS cooled XADS
(MYRRHA)
Consistency with the XADS
technical objectives
Consistency with the XADS| CXADS1 2 2 1
objectives for accelerator
characteristics
Consistency with the XADS| CXADS2 1 (windowless 1 (LBE target) 1
objectives  for  spallation concept)
module characteristics 1 (window 1 (Solid target)
concept)
Consistency with the XADS| CXADS3 3 3 3
objectives  for  sub-critical
module characteristics
Flexibility of the XADS-
Convertibility from XADS to
XADT
Flexibility in terms of power FC1 3 3 3
level
Flexibility in terms of sub- FC2 3 3 1
criticality level
Capability to be loaded with FC3 1 1 3
MA containing fuel
Demonstration of the FC4 1 1 1
capability to burn MAs
Reliability and availability*
Reliability** : Number of beam RA1 2 2 2
trips
Availability™* periodic RA2 2 2 2
maintenance
Total Points : 18 18 17
Max/Min/Delta Points 27/9/18 27/9/18 27/9/18
, (Mark- 50 % 50 % 45 %
Relative Percentage Min)/Delta

* Ref. [3] (split in two criteria instead of a single criteria in D40)

** Does not includes the spallation module assessment.
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RATIONALE OF RATING SYSTEM ON CONSISTENCY WITH XADS OBJECTIVES (from D40,

Ref. [3]):

Consistency with the XADS technical objectives (CXADS) :

Principle: the XADS design must be consistent with the XADS technical objectives defined in the
ETWG Roadmap and in Deliverable 1 in terms of :

¢ Accelerator characteristics
¢ Spallation module characteristics (window/windowless)
¢ Sub-critical module characteristics

Technical Qualitative Criteria

Rationale

Consistency with the XADS objectives for
accelerator characteristics

The technical characteristics of the accelerator
must be coherent with the required values,
defined in DEL 1

Consistency with the XADS objectives for
spallation module characteristics

The technical characteristics of the spallation
module must be coherent with the required
values, defined in DEL 1

Consistency with the XADS objectives for sub-
critical module characteristics

The technical characteristics of the sub-critical
core must be coherent with the required
values, defined in DEL 1

Consistency with the XADS objectives for accelerator CXADS1
characteristics :
Some technical characteristics are not coherent 1
with the required values and the gap is large
Some technical characteristics are not coherent 2
with the required values but the gap is reasonable
The technical characteristics of the accelerator are 3
fully coherent with the required values
Consistency with the XADS objectives for spallation CXADS2
module characteristics :
Some technical characteristics are not coherent 1
with the required values and the gap is large
Some technical characteristics are not coherent 2
with the required values but the gap is reasonable
The technical characteristics of the accelerator are 3
fully coherent with the required values
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Consistency with the XADS objectives for sub-critical CXADS3
module characteristics :
Some technical characteristics are not coherent 1
with the required values and the gap is large
Some technical characteristics are not coherent 2
with the required values but the gap is reasonable
The technical characteristics of the accelerator are 3
fully coherent with the required values

CONSISTENCY WITH XADS OBJECTIVES :

Flexibility — Convertibility from XADS to XADT (FC) :

Principle: The XADS being a research tool, flexibility in the operating conditions is desirable.
Moreover, it must show capabilities to move from technology demonstration (XADS) to
transmutation demonstration (XADT). Thus, the XADS must have a certain level of flexibility in
terms of sub-criticality level and fuel technology (with and without minor actinides). This flexibility

should :

o Allow to perform specific experiments aiming at a better understanding of the ADS

physics ;

e Take into the consideration the possibility to load the core with fuel containing
Minor Actinides (MAs) and to burn those MAs.

Technical Qualitative Criteria

Rationale

Flexibility in terms of power level

From the scientific point of view as well as from
the safety point of view, the XADS must be
able to start operation at low power and to
progressively increase the power level to its
maximum

Flexibility in terms of sub-criticality level

The XADS must be able to operate at different
sub-criticality levels in order to perform
measurements of the physical characteristics
and thus gain knowledge in the field of ADS
behaviour

Capability to be loaded with MA containing fuel

The core must be preferably able to accept
MAs. This criteria increases with the quantity of
MAs that can be accepted by the core

Demonstration of the capability to burn MAs

The MAs loaded in the core must be burnt in
the XADS. The number of MA isotopes which
can be burnt is assessed (even for small
quantities)
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Flexibility in terms of power level : FC1
The concept can only be operated at the nominal 1
power level
The concept can be operated at intermediate 2
power levels
The concept can be operated from very low power 3
up to the nominal power level

Flexibility in terms of sub-criticality level : FC2
The concept can only be operated at the nominal 1
sub-criticality level
The concept can only be operated at sub-criticality 2
levels slightly different to the nominal one
The concept can only be operated at sub-criticality 3
levels significantly different to the nominal one

Capability to be loaded with MA loaded fuel : FC3
No MAs can be loaded in the core 1
A maximum of one pin can be loaded with fuel 2
containing MAs
A maximum of one sub-assembly can be loaded 3
with fuel containing MAs
A large part of the core can be loaded with fuel 4
containing MAs

Demonstration of the capability to burn MAs : FC4
No MAs can be burnt in the core 1
A small number of MA isotopes can be burnt 2
A large number of MA isotopes can be burnt 3
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CONSISTENCY WITH XADS OBJECTIVES :
Reliability/Availability (RA) :

Principle: The main technical characteristics assigned to the XADS deal with availability :even if

the XADS is an experimental reactor, its safety level must be consistent with the international

safety standards. Consequently, the requirement that has been put on the XADS for the

maximum number of shut-downs per year is in the same order of magnitude as critical reactors:

5.
Technical Qualitative Criteria Rationale
Availability The maximum number of shut-downs per year
allowed for the XADS is 5

Availability : RA1
The number of beam trips anticipated is 1
significantly higher than 5 and this value can not
be reduced provided further developments
The number of beam trips anticipated is close to 5 2
or it is higher than 5 but this value can be reduced
The number of beam trips anticipated is smaller or 3
equal to 5

Note: RA1 was renamed as reliability in the Table 3.1 and a more general plant availability criteria

for periodic maintenance has been added (RA2).
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3.2 Safety Evaluation

The safety objectives common to all the approaches for future nuclear plants are

e to protect individuals, society and the environment from harm by establishing and
maintaining in nuclear installations effective defences against radiological
hazards ;

e to ensure that in all operational states radiation exposure within the installation is kept
below prescribed targets and as low as reasonably achievable (ALARA principle) ;

o to take all reasonably practicable measures to prevent accidents in nuclear installations
and to mitigate their consequences should they occur.

The general safety approach adopted within the PDS-XADS Project is based on the European
Utility Rules (EUR) and EFR defence-in-depth strategy approaches developed for LWR and
LMFBR by European countries ensuring the safety of the public and for protecting the
environment. It allows to achieve the same level of safety as for future critical plants.

Design aspects important for the safety evaluation of the different concepts considered in the
PDS-XADS project were:

o Control of reactivity and power

e Decay heat removal

¢ Confinement of radioactive products

o Radiation protection of the personnel

e Transient response — Protected events

e Transient response — Unprotected events
o Safety design bases

¢ Reliability targets (safety systems)

¢ Inspectability and maintainability of safety equipment
o System qualification

e Severe accident management

Results of the evaluation of the various aspects for the different plant designs considered in the
PDS-XADS project will be summarised hereafter and conclusions related to the XADS designs
with different coolants will be drawn.

3.2.1 Control of reactivity and power of the 80 MW XADS

The control of the level of reactivity and control of the power level of sub-critical systems are two
distinctly different functions that are not related to each other. The level of sub-criticality is a
design specific characteristic of the reactor. Therefore, these two functions should be considered
independently, since the associated functional requirements and involved systems are different.

It is known, that for a critical core, heavily loaded with minor actinides, a decrease in the effective
delayed neutron fraction Bes has the distinct disadvantage that relatively small reactivity increases
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can lead to prompt criticality situations. This concern is alleviated in sub-critical systems since the
delayed neutron fraction Berr (Ber ~ 350 pcm in typical fast reactors) no longer determines the
margin to prompt criticality. For sub-critical systems, the parameter of concern is the margin to
criticality (i.e. ~ (k_eff- 1)), or indirectly the level of sub-criticality (i.e.; keff), which now provides a
“reactivity safety margin” of ~ 3000 pcm, assuming a keff ~ 0.97.

Reactivity coefficients play a minor role during transient conditions in these systems since the
core power level is largely determined by the external neutron source strength and the margin to
criticality. Reactivity feedback effects themselves are only of major concern during plant
conditions in which very large core temperature changes are to be encountered, namely during
plant shut-down or plant start-up procedures.

For accelerator driven systems, whose cores are heavily loaded with minor actinides, the major
safety concerns are thus the identification of events that could potentially lead to very large
reactivity insertion taking the sub-critical systems close to criticality.

An additional feature particular to sub-critical systems is the response of the system to the
insertion of control rods while the external neutron source is active. Exceedingly large negative
reactivities would be required (> $ 30, i.e more than 10 000 pcm the dollar being defined by the
ratio of reactivity to the proportion of delayed neutron equal to 1) to substantially decrease the
power level of untripped (i.e. with the accelerator continuing to supply a proton current) sub-
critical systems. Active control rods are therefore not considered effective means in controlling the
power level of sub-critical systems. The thermal power generated in the core of sub-critical
systems is solely controlled through the control of the accelerator operation.

Reactivity Control Function :

In a critical reactor system, the level of reactivity of the core is continuously maintained exactly at
criticality by either moving control rods or changing the concentration of burnable poison
dissolved in the coolant ( i.e.; boronated water in PWRs).

In contrast, the level of reactivity of the core is continuously changing during the operation of sub-
critical systems (due to the burnup of fuel). This fact necessitates continuous monitoring of the
prevailing level of sub-criticality since the only method of direct control (intervention) is changing
the source strength of the external neutron source (i.e.; beam intensity).

Other effects of reactivity insertions into the core (quickly or slowly) that significantly change the
level of sub-criticality need to be carefully monitored and controlled in order to assure that the
configuration will never approach or reach the level of criticality. Consideration must be thus given
to those functions that minimise the possibility of events which involve the insertion of large
reactivity into the core.

The following are the major functions to control the reactivity level:

o sufficient subcriticality margin,
. subcriticality measurement,
o prevention of large reactivity insertions (e.g.; core compaction, oil or water entering
the primary system, etc.).
Sub-criticality margin:

Sub-criticality is directly related to the core design and not directly related to any safety system.
Sub-criticality is an inherent characteristic of the core configuration and is independent of the
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external neutron source. The core is designed with sufficient subcriticality margin to ensure
subcriticality under any operating mode, including incidental and accidental conditions. A larger
subcriticality is advisable during refuelling.

To fix the nominal level of sub-criticality, all design basis operating conditions and design
extension conditions leading to a reactivity increase (except hypothetical accidents which have
been analysed independently) must be determined. The slow and the quick increases of reactivity
must be distinguished and adequate means and procedures for intervention must be assessed.

More specifically, the following situations have to be taken into account:

¢ Reactivity change due to fuel burn-up,

e Reactivity change between the nominal power operating state and the cold shutdown
state for refuelling,

Reactivity effects related to the target (target removal, target flooding or leakage),
Coolant Voiding,

Moderator ingress for the gas cooled concept,

Fuel assemblies loading error,

Core compaction,

Leakages of oil or water into the primary loops.

A larger subcriticality margin during refuelling leads to the use of dedicated absorber devices
during the fuel handling mode, according to the nominal sub-criticality level. The design of the
absorber devices are unlikely to be similar to those used in critical reactors. The following
malfunction events have been taken into consideration:

Absorber device withdrawal if feasible from a design point of view (for gas-cooled XADS).
Replacement of an absorber device by a fuel subassembly (for LBE-cooled XADS).

Core geometry modification, for example core compaction due to earthquake.

Local core melting.

The chosen value of the nominal level of sub-criticality at hot full power (HFP) under BOC
conditions, namely keff ~ 0.97, is actually determined for both the LBE-cooled and the He-cooled
80 MW XADS design by an appropriate weighting of each of the following seven issues:

1. the reactivity margin required to take the sub-critical system from the nominal plant state
to ambient temperatures and pressures,

2. the additional reactivity margin required to take the sub-critical system to ambient
temperatures and pressures following abnormal or accidental occurrences causing
positive reactivity insertions,

the power decay characteristics of the sub-critical system after a beam trip,
the transient response of the sub-critical system to unprotected transients,
the subcriticality system response to potential accidental sudden reactivity insertions,

the proton beam intensity requirements at BOC and EOC nominal plant states,

N o o b~

the effect of the localized neutron source on the core power shape profile.

The first issue, namely reactivity margin required to take the sub-critical system from the nominal
operating plant state (HFP: Hot Full Power) to ambient temperatures (CZP: Cold Zero Power),
has been assessed to be < 1500 pcm that is added in reactivity due to decreasing core
temperatures when taking the sub-critical system from the nominal BOC power state to ambient
temperatures. The level of sub-criticality changes thus from keff = 0.97 to 0.985, i.e. ~ 1500 pcm
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away from criticality. This margin of 1500 pcm away from criticality was judged sufficient to allow
the safe operation of the sub-critical LBE-cooled and He-cooled systems.

The second issue, namely the expectedly higher (than for first issue) reactivity margin required to
take the sub-critical system from the nominal operating plant state (HFP) to ambient temperatures
(CZP) following abnormal or accident occurrences with associated positive reactivity insertion
other than from system cool-down (e.g. target flooding in the LBE cooled concept), has been
assessed to be in the range from 1500 to 2000 pcm (most of which is due to decreasing core
temperatures when taking the sub-critical system from the nominal BOC power state to ambient
temperatures). The level of sub-criticality changes thus from keff = 0.97 to 0.99, i.e. ~ 1000 pcm
away from criticality. This margin of 1000 pcm away from criticality was judged sufficient to allow
the safe operation of the sub-critical LBE-cooled and He-cooled systems.

The third issue, power decay characteristics of the sub-critical system after beam trip, addresses
the issue that the decay of power after beam trip is not as sudden in sub-critical, accelerator
driven systems as in critical reactors after insertions of large amounts of negative reactivity in
form of control rods. The time response of the decay of the power level of sub-critical system is
relatively slow for low levels of sub-criticality (i.e., keff > 0.985). For systems with keff ~ 0.95 the
drop in power level after a beam trip approaches the time response of critical systems. An
operating level of sub-criticality of ~ 0.97 represents thus an appropriate compromise.

The fourth issue, the transient response of sub-critical systems during unprotected transients is
known to be significantly different from the transient response of critical systems. A high level of
sub-criticality ( i.e. keff ~ 0.95) allows only a relatively small decrease from the nominal power
level due to the negative reactivity feedback effects expected during most transient conditions,
whereas a system with a low level of sub-criticality (i.e. keff ~ 0.99) leads to a much larger
decrease in power level due to negative reactivity feedback effects.

For unprotected transient conditions during which negative reactivity feedback effects are
normally counted on to decrease the power level as much as possible, a low level of sub-criticality
(k-eff > 0.985) is clearly more advantageous than a high level ( keff ~ 0.95).

Clearly a critical core configuration exhibits the optimal response under unprotected transient
conditions since the decrease in power level is largest with negative reactivity feedbacks. The
choice of keff ~ 0.97 seems an acceptable compromise, being aware that sub-critical systems in
general are challenged much more severely during unprotected transient conditions than similar
critical systems.

The fifth issue addresses large reactivity insertions that are conceivable even though they are
considered of extremely low probability of occurrence, such as for example the sudden loss of
core geometry (i.e. core compaction due to earthquake), ingress of large quantities of steam in
the case of the He-cooled XADS, or vaporized oil into the primary system thereby voiding the
core region in case of the 80 MW LBE-cooled XADS, target related reactivity effects, etc.. Each of
these issues have been assessed in detail for each concept, and the largest, sudden reactivity
insertion conceivable into either the 80 MW LBE-cooled or the He-cooled XADS concepts was
judged not to exceed 2000 pcm, representing an upper bound. This assured that, with a margin
away from criticality of ~ 3000 pcm, the sub-critical system would remain sub-critical by about
1000 pcm (i.e., keff = 0.97 + 0.2 ~ 0.99). The choice of keff ~ 0.97 seems therefore to be
appropriate from the potential sudden reactivity insertion point of view.

The sixth issue, namely proton beam intensity requirements at BOC and allowance for
compensation of reactivity changes due to burn-up (EOC) is indirectly proportional to keff. A high
level of sub-criticality (low keff) requires a larger proton beam intensity which is economically
disadvantageous. A relatively large keff close to unity is thus more desirable from this point of
view.
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Moreover the amount of energy deposited in the target is directly proportional to the proton beam
intensity; so are the technical issues related to adequately remove it from the target itself. Again a
relatively large keff is more desirable.

Current technological limitations on achievable proton beam intensity basically fix the sustainable
level of sub-criticality under EOC condition. An upper limit of ~ 5.6 mA proton beam intensity limits
the minimum sustainable keff to ~ 0.93 to 0.94 and accordingly the attainable EOC burnup for the
80 MW XADS design. The corresponding maximum power deposited in the target is ~ 3 MW.
Since the burnup itself consumes ~ 4000 pcm of reactivity, this places keff under BOC conditions
to around 0.97, quite consistent with the other consideration that need to be taken into account.

The seventh issue is associated with the influence of the external neutron source on the core
power distribution. A high level of sub-criticality requires a high intensity neutron source which
adversely affects the neutron flux distribution. A large source strength (or high beam intensity)
leads to a more localized, peak shaped power distribution which can be compensated applying a
multi-zone fuel enrichment scheme to minimize temperature hot spots. A lower level of sub-
criticality with the correspondingly lower source strength would thus appear to be more favourable
from the power profiling point of view. A keff ~ 0.97 seems to represent an appropriate
compromise since the power profile in both LBE-cooled and He-cooled XADS designs are
acceptable once a multi-zone fuel enrichment scheme has been adopted.

For refuelling it becomes necessary to establish smaller values of the criticality. For this purpose
absorber devices are moved from the periphery into the active region of the core zone.

The chosen level of sub-criticality for the LBE-cooled 80 MW XADS of keff ~ 0.97 at HFP and
BOC conditions is judged to be very close to the optimal operating reactivity level when
appropriately weighting all of the above issues.

After deciding on the appropriate level of sub-criticality, the most important safety challenge is a
reliable measurement of the sub-criticality level during the operation of the plant.

Reactivity Coefficient Issues:

The analyses performed showed that reactivity coefficients do not play a significant role in the
dynamic response during protected or unprotected transients of the XADS system while the
system is at hot full power (HFP). The reason for this is that the reactivity changes due to
temperature feedbacks at HFP are small compared to the margin to criticality, (or the level of sub-
criticality), especially for keff < 0.97.

Reactivity coefficients only gain in importance when keff > 0.98 since then the dynamic response
of the sub-critical system approaches that of critical systems.

However, for ADS designs without active control rod systems, reactivity coefficients do play a very
dominant role during the plant shut-down and the plant start-up procedure. The reactivity
coefficients alone determine the decrease in the level of sub-criticality when the sub-critical
assembly changes from the hot full power (HFP) operating condition to the cold zero power
stand-by condition (CZP). All reactivity coefficients must then be known to a high degree of
certainty in order to assure that the sub-critical system does not reach criticality during shut-down
to ambient inadvertently, especially under BOC conditions when the level of sub-criticality is still
relatively low, i.e. at the beginning of the cycle and hot full power, keff ~ 0.97. This issue is of
particular concern when introducing minor actinide fuels (MA-fuels) in large quantities, since it is
to be expected that the reactivity coefficients associated with these fuels are less well predictable
(due to significant uncertainties in the nuclear cross-sections) than the reactivity coefficients
associated with the well-known MOX fuels.

For both LBE-cooled and He-cooled MOX-fuelled XADS designs, about 1500 pcm of positive
reactivity are expected to be added into the system when taking the plant from HFP conditions to
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ambient, allowing a margin of about 1500 pcm to criticality. Under EOC conditions when keff is
relatively low, namely, at the end of the cycle and hot full power, keff EOC_HFP ~ 0.94, a much
larger margin to criticality is available when taking the plant to ambient temperatures.

Subcriticality Measurement:

The level of subcriticality, or margin to criticality, is a very important safety characteristic of sub-
critical systems. The proposed measurement techniques, as developed and implemented in the
MUSE experiments, seem to provide the capability that the level of sub-criticality and changes in
reactivity can be reliably measured within acceptable uncertainty. Further experimental validation
of the proposed measurement techniques under actual ADS conditions is however strongly
recommended.

Ability to Shut Down the Reactor:
Shutdown of the reactor implies the reliable shut-down of the proton beam.

Reactor shutdown (beam trip) is clearly a critical function whose fulfiiment must be ensured with
the highest degree of reliability, and an appropriate design of the 1&C system has to assure a high
degree of redundancy and diversity for this function.

Proton beam shut-off is currently planned as consequence of the following initiating events:

high reactor power (high neutron flux), for both reactor designs;
high average outlet core temperature, for both reactor designs;
high secondary system oil temperature (LBE-cooled design);

low secondary system oil inventory ( LBE-cooled design );
low/high primary system coolant pressure ( gas-cooled design );
low primary coolant mass flow rate ( gas-cooled design );

pump rundown of primary coolant blower ( gas-cooled system );
target unit malfunctions (both LBE-cooled and gas-cooled design).

Other possible accelerator trip signals may be included in this list.

Alternative methods of stopping the proton beam from impinging on the target are conceivable,
such as diverting the proton beam towards a barrier where the protons could be absorbed without
causing any further effects.

3.2.1.1 Control of reactivity and power of the 80 MW LBE-cooled XADS

In the LBE-cooled 80 MW —ANSALDO XADS design, the level of subcriticality has been selected
based primarily on the reactivity effects associated to normal, abnormal and accident conditions
(issues no. 1 and 2 in section 3.2.1) and on accelerator performance/cost and target cooling
related considerations (issue no. 6 in section 3.2.1). The selected keff value is obtained by acting
on fuel enrichment and the number of fuel sub-assemblies loaded to the core configuration.
During refuelling, absorber devices acting as safety rods in critical reactors are located at the
periphery of the fissile core region assuring a level of sub-criticality below 0.95. The level of
reactivity of the core will be monitored by appropriate instrumentation during all phases of plant
operation, including the core loading procedure.
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After moving the absorber devices from the core configuration to their operating position, the level
of sub-criticality of the core configuration will increase but will not be higher than 0.986 under
cold, zero power conditions.

As the primary system is heated to operating temperatures, and the power level of the core rises
to the operating power level of 80 MW, the level of sub-criticality of the assembly will gradually
increase from keff ~ 0.986 towards 0.97 because of negative temperature reactivity feedbacks.
Under full power conditions, the final level of sub-criticality of 0.97 will be attained at the beginning
of operating cycle conditions (BOC).

During normal operation of the plant the level of sub-criticality will gradually decrease from 0.97 to
~ 0.94 due to burn-up effects of the core. This decrease in core reactivity must be compensated
by an increasing accelerator proton current to maintain the operating power level of 80 MW.

During transient conditions, changing core temperatures will impose various reactivity effects. The
sum of these reactivity effects under most severe conditions are however limited to ~ +/- 1500
pcm, assuring that the core assembly will not reach levels of keff larger than 0.99. Extremely
unlikely events of potentially sudden, large reactivity insertions (i.e. earthquake induced core
compaction) will not induce core disruption in the sub-critical assembly as long as the LBE-cooled
system remains sub-critical. Reactivity insertions not larger than 8% (about 2900 pcm) will not
challenge the integrity of the system. The detailed response of the LBE-cooled XADS system to
various different plant transient initiators will be discussed in more details in subsequent sections.

Shutting down the plant from full-power, hot operating conditions to ambient temperatures will
insert a maximum of + 1500 pcm into the core, assuring a keff < 0.99 under BOC conditions. As
burn-up proceeds, the level of sub-criticality of the system will decrease, thereby increasing the
margin to criticality should shut-down become necessary.

After shutdown to cold conditions (~ 200 °C) the absorber devices will be moved to the periphery
of the fissile core region during maintenance and refuelling conditions. This will increase the level
of sub-criticality when reactivity goes from 0.985 to less than 0.95.

The power level of the core will be controlled and maintained by the proton current supplied by
the accelerator system. The sub-critical core power response to changes in proton current will be
instantaneous. Shutting down the proton current will lead to a prompt shut-down of the sub-critical
system, even though the power response of sub-critical cores to shut-down conditions are known
to be somewhat delayed in time in comparison to the prompt shut-down characteristics of critical
cores.

In the LBE-cooled XADS the capability of an insertion of ~1000 pcm of negative reactivity is
foreseen by dropping few solid absorbers located inside the target down into the active core
region on demand as a kind of accident management measure. This system provides an
additional means of re-establishing a subcriticality margin of the system in case of unforeseen
conditions.

3.2.1.2 Control of reactivity and power of the 80 MW He-cooled XADS

The control of reactivity and power of the He-cooled XADS system will be very similar in nature to
the control of the LBE-cooled XADS system.

In the He-cooled 80 MW — FRAMATOME / NNC XADS design, the level of initial subcriticality will
be limited by the level of fuel enrichment and the number of fuel sub-assemblies loaded to the
core configuration. During refuelling procedures the absorber devices are located inside the core
configuration assuring a level of sub-criticality below 0.95. The level of reactivity of the core will be
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monitored by appropriate instrumentation during all phases of plant operation, including the core
loading procedure.

After moving the absorber devices from the core configuration to their operating position, the level
of sub-criticality of the core configuration will increase but will not be higher than 0.986 under
cold, zero power conditions.

As the primary system is heated to operating temperatures, and the power level of the core rises
to the operating power level of 80 MW, the level of sub-criticality of the assembly will gradually
decrease from 0.986 towards 0.97 because of negative temperature reactivity feedbacks. Under
full power conditions, the final level of sub-criticality of 0.97 will be attained for the beginning of
operating cycle conditions (BOC).

During normal operation of the plant the level of sub-criticality will gradually decrease from 0.97 to
~ 0.94 due to burn-up effects of the core. This decrease in core reactivity must be compensated
by an increasing accelerator proton current to maintain the operating power level of 80 MW.

During transient conditions, changing core temperatures will impose various reactivity effects that
are somewhat different from the reactivity effects in the LBE-cooled system. The sum of these
reactivity effects under most severe conditions are however limited to ~ +/- 1600 pcm (very similar
to the LBE-cooled system), assuring that the core assembly will not reach levels of sub-criticality
larger than 0.99. Extremely unlikely events of potentially sudden, large reactivity insertions (i.e.
earthquake induced core compaction) will not induce core disruption in the sub-critical He-cooled
assembly as long as the system remains sub-critical. Reactivity insertions larger than 8% (about
2900 pcm) will not challenge the integrity of the system.

Shutting down the plant from full-power, hot operating conditions to ambient temperatures will
insert a maximum of + 1500 pcm into the core, assuring a keff < 0.99 under BOC conditions. As
burn-up proceeds, the level of sub-criticality of the system will decrease, thereby increasing the
margin to criticality should shut-down become necessary.

After shutdown to cold conditions (~ 200 °C) the absorber devices will be moved into the core
region during maintenance and refuelling conditions. This will decrease the level of reactivity from
0.985 to less than 0.95.

The power level of the He-cooled core will be controlled and maintained by the proton current
supplied by the accelerator system. The response of the power level of the sub-critical core to
changes in proton current will be instantaneous. Shutting down the proton current will lead to a
very effective shut-down of the sub-critical systems, even though the power response of sub-
critical cores to shut-down conditions are known to be somewhat delayed in time in comparison to
the prompt shut-down characteristics of critical core configuration.

Similar as in the LBE-cooled XADS, the capability of inserting negative reactivity during normal
operating conditions is foreseen in the He-cooled system by dropping absorber rods into the
active core region on demand as a kind of an accident management measure. This system could
provide an additional means of safety assuring fast shut-down of the He-cooled system in case of
unforeseen conditions.

3.2.2 Decay heat removal of the 80 MW XADS

The purpose of removing decay heat is to remove the heat which continues to be generated in
the core following reactor trip. The function must ensure both the reliable heat removal from the
core region and its transport to the ultimate heat sink.

The removal of decay heat in an ADS is very similar to the one in a conventional critical reactor.
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Residual heat removal is achieved with the fulfiiment of the following functions:
o Maintenance of the coolant inventory
o Coolant circulation
o Pressure control in the primary circuit
o Maintenance of a coolable geometry in the core
o Removal of heat from the primary coolant

The designs take into account that XADS with lead bismuth eutectic (LBE) cooling and gas
cooling present different characteristics when it comes to performing each of these functions.

3.2.2.1 Decay heat removal of the 80 MW LBE-cooled XADS

The normal mode of decay heat removal of the 80 MW LBE-cooled XADS will be through the
normal primary / secondary system heat trains. Sufficient redundancy in coolant loops (2) and
heat exchangers is assured to allow failure of single components or failure of an entire heat
removal train. An additional, totally independent emergency decay heat removal path is provided
via the Reactor Vessel Air Cooling System (RVACS) exploiting radiation from main and safety
vessel walls - and buoyancy-driven air natural convection. This system rejects about 260 KW of
heat during normal operation; under abnormal conditions (elevated vessel temperatures), this
system can remove up to 800 kW of heat.

The LBE-cooled 80 MW system features a very high in-vessel natural convection coolant flow
rate in excess of 20% of the nominal flow rate in the decay heat mode due to the low pressure
drop across the core ( < 260 mbar) and the high elevation difference between the core and the
ultimate heat sink. This high natural convection flow rate assures the even distribution of the
decay heat from inside the active core region to all primary system components and potential
primary system heat sinks / buffers.

In addition, the very large thermal heat capacity (thermal inertia) associated with the large mass
of the LBE-coolant in the primary system provides a very large and extremely effective heat buffer
assuring low core temperatures even under abnormal decay heat mode conditions.

Should both normal heat removal trains fail during the decay heat mode, then the natural
convection driven RVACS system will remove sufficient decay heat to limit the primary system
temperatures to well below 500 °C.

The decay heat removal during Design Basis Accident conditions is assured by the secondary
coolant system functioning in forced or natural circulation [3.2-14]. Should both normal heat
removal trains fail during the decay heat mode, then the irradiation and natural convection driven
RVACS system will remove sufficient decay heat to limit the primary system temperatures to well
below 500 °C.

It is the combination of these design features — namely, a high boiling point of the LBE-coolant ( ~
1700 °C), high natural convection flow rate, and the very large thermal heat storage capacity of
the primary coolant, and several redundant active and passive heat removal systems - that
assure that all temperatures inside the primary system will be limited to well below < 500 °C
even under the most unfavourable, abnormal decay heat mode conditions (i.e., failure of normal
heat sink trains, failure of individual components).
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3.2.2.2 Decay heat removal of the 80 MW He-cooled XADS

The normal mode of decay heat removal in the 80 MW He-cooled XADS will be through the
Shutdown Cooling System (SCS) specifically designed to remove decay heat under various plant
conditions. Sufficient redundancy in the SCS system and heat exchangers is foreseen (3
independent loops each of which can remove up to 2 MW of decay heat) to allow failure of single
components or failure of an entire SCS heat removal train.

The SCS system is designed to operate under nominal pressure conditions (60 bar) as well as
under depressurized conditions (also under ambient pressure conditions).

Under nominal pressure conditions (60 bar), the natural convection flow rate within the primary
system will be sufficient to allow decay heat removal via the SCS system with the SCS in the
passive mode (i.e., both primary helium and the secondary side of the SCS system (water cooled)
in the passive mode).

Under depressurized conditions, the SCS will have to operate in the active mode to assure an
adequate coolant mass flow rate in the primary system for decay heat removal.

The SCS consists of three sets of He-water heat exchangers, circulators and check valves
housed in reactor vessel nozzles. Each set is designed for full thermal capacity. The heat
exchanger secondary coolant is low pressure water in permanent natural circulation and
secondary heat exchangers will be located at an elevation compatible with secondary coolant
natural circulation. A flow restrictor will be located on the cold duct of the cross vessel.

Three design conditions have been identified for the SCS:

SCS passive mode: In case of loss of forced circulation of helium in the prim