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Abstract. within the framework of the French 600 MWe Advanc8ddium Technological Reactor for
Industrial Demonstration project (ASTRID), two apts of Power Conversion System (PCS) were studied
during the conceptual design phase (2010-2015):

- the use of a classical Rankine water-steam cyitailar to the solution implemented in France in
Phenix and Superphenix, but with the goal of gyeatiducing the probability of occurrence and
limiting the potential consequences of a sodiumewetaction; chosen as the reference for the ASTRID
Plant Model during the conceptual design phasdtduggh level of maturity,

- an alternative approach using a Brayton gas oybieh has never been implemented in any Sodium
Fast Reactor. Its application is mainly justifiegd éafety and acceptance considerations in inhgrentl
eliminating the sodium-water and sodium-water-a@ction risk existing with a Rankine cycle.

The ASTRID conceptual design phase period allowegréatly increase the maturity level of a standalGas
Power Conversion System option. Thus, it has beerddd to lay during the 2016-2017 phase the ASTGH3
PCS integration studies at the same level as taeeed by the ASTRID water-steam based PCS atrideof
2015. The 2016-2017 period, in which the Gas PG&égrated in the overall layout of the reactaitl allow to
better specify the technical and economic implaaiof the selection of the Gas PCS taking int@awtall the
aspects of the integration of such an option. Alrdetumented comparison between the two systemnisbwil
therefore facilitated.

This paper resumes progress in the integratiohefGas Power Conversion System in the Astrid Rediant
Model. It describes the characteristics of mainesys particularly the turbomachinery, the Heat Exders
(Sodium/Gas, Gas/Gas and Gas/Water) and the Gastbry Management System.
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1. Introduction

The Sodium-cooled Fast Reactor (SFR) is one of3#eeration IV reactor concepts selected
to secure the nuclear fuel resources and to marsafjeactive waste. Within the framework
of the June 2006 act on the sustainable manageofeatlioactive material and waste, the
French Government asked CEA to conduct design efudlor the Advanced Sodium
Technological Reactor for Industrial Demonstrat®STRID) project [1] in collaboration
with industrial partners [2].

ASTRID will be an integrated technology prototypeesmined for industrial-scale
demonstration of %generation Sodium-cooled Fast Reactor (SFR) sadety operation
aiming at improving safety, operability and robests levels against external hazards
compared with previous SFRs.

The pre-conceptual design phase — AVP1 conducted mid-2010 to the end of 2012 — has
been focusing on innovation and technological breakighs, while maintaining risk at an
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acceptable level. This phase was followed by th&2¥onceptual design phase planned until
the end of 2015 whose objectives were to focushendesign in order to finalize a coherent
reactor outline and to finalize by December 2016 8afety Option Report. The ASTRID
conceptual design is based on a sodium-cooled peattor of 1500 MWth with an
intermediate circuit in sodium generating about 608e. Two Power Conversion Systems
(PCS) were studied in parallel during the AVP2 @aptaal design phase based on a Rankine
steam cycle and a Brayton gas cycle.

The steam PCS option is the most mature optiont &she power conversion system for all
SFRs up to now, it benefits from a large experiesug tens of unit-operating years. For this
option, conventional 180bar/500°C steam cycle domtB have been selected. Nevertheless,
the always present sodium-water and sodium-watereactions risk is a strong design and
operation constraint to be overcome.

The closed Brayton Gas PCS option is generally idensd as the likely choice for High

Temperature Reactors (HTR), as it provides at 80@i@perature range better cycle net
efficiency than the best Rankine cycle. ApplicatmnNitrogen closed Brayton cycle for a
sodium cooled fast reactor in the 500°C temperatamge is mainly justified for safety and
acceptance considerations by inherently eliminatiegsodium-water reaction risk existing in
a Rankine cycle.

Despite the capabilities of the supercritical CA2SPto reach a high efficiency greater than
42% [3], the Nitrogen PCS option has been prefediezito its higher maturity. Nevertheless,
SCO2 PCS remains an interesting option for comrakenmg@actors, if Na/SCO2 reaction
characterization will be done, N2 PCS being a fat®lp towards operation feedback of a
Brayton cycle.

During the ASTRID AVP2 phase from 2013 to 2015{rarsgg R&D effort was focused on the
Gas PCS in order to increase its maturity levethwailimited number of actions on the steam
PCS (focused on steam generator materials andreasater reaction studies). This allowed
to greatly increasing the maturity level of a s@ode Gas Power Conversion System option
[4].

It has been thus decided to lay during the 2016¢301ase the ASTRID Gas PCS integration
studies at the same level as that achieved by ABMRater based PCS at the end of 2015.
The 2016-2017 phase, in which the Gas PCS is imtiedjrin the overall layout of the reactor,
will allow to better specify the technical and eoomnc implications of the selection of Gas
PCS taking into account all the aspects of thegnaton of such an option. A well-
documented comparison between the two system$evitherefore facilitated.

This paper discusses progress in the integratiagheofsas Power Conversion System in the
Astrid Reactor Plant Model. It also describes thwaracteristics of the main systems
particularly the turbomachinery, the Heat Exchasg&odium/Gas, Gas/Gas and Gas/Water)
and the Gas Inventory Management System.

2. ASTRID Gas Cycle performance

At the end of the AVP2 Phase (2013-2015), the esiez cycle for the ASTRID Power
Conversion System is a closed Brayton cycle in putegen at 180 bar (figure 1). The
turbine and the compressors are placed on the shafieline as the turbogenerator. Aiming at
optimizing the cycle, the gas is cooled beforelilgh pressure compressor inlet to limit the
compression work and an economizer allows raidiegtémperature of the gas returning to
the Sodium Gas Heat Exchangers (SGHE). The refersolution for the heat sink is a wet
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cooling tower. The closed cooling water system mles the cooling medium for the pre-
coolers and coolers.

The main boundary conditions for the thermodynarmgas cycle calculations are the
following:

» Thermal power delivered to the gas cycle: 1500 MWth

» Sodium gas heat exchanger outlet temperature: 515°C

» Sodium gas heat exchanger outlet pressure: 180 bar

» Sodium gas heat exchanger inlet temperature: 310°C

» Cooler outlet temperature: 27°C
The expected gross efficiency at the end of the 2¥Rase (2013-2015) is around 37.4 %,
not taking into account cooling requirements, sodipumps and auxiliary power. Main
operation procedures of ASTRID gas power conversystem have been defined [5].

Secondary Electromagnetic Pump Cooling Tower

«
Low Pressure High Pressure “

Compressor Compressor

=88 Economizer
50 cSodlum/Gal
Heat Exchanger

Secondary Sodium Loop

FIG.1. AVP2 Reference Brayton cycle
ASTRID Project Business Confidential Informatio&ACand GE property designs

At the beginning of the phase 2016-2017, it haslesked to GE and CEA R&D to think

about solutions to maximize the efficiency of tlyele. Different solutions were investigated
(double intercooled cycle, reheated cycle, add G@2itrogen, ORC solutions...). The

double intercooled cycle appeared as the most t@mligtion as it deals no impact on reactor
side and no significant modifications on turbomaehny and Heat Exchangers thermal load
(except an increase of 10% for the modular econers)z Thus, this solution has been
embedded in the new configuration end of 2016 twagetvith turbomachinery blade seals

Improvement.
. Potential
Solution . . Pros Cons
improvement
) gross efficiency: 37.4% . - L?‘f"e'- than expect_c I net
Reference 3 - Feasibility complete efficiency following increase of
(gross power: 561.4MWe) T
auxiliary power
Double intercooled cycle +0.6%pt _ Noimpact on reactor side Compressors need redesigned
(2 intercoolers, 3 compressors) (+aMwe] ‘ - Hardware cost
. R +0.8%pt - No impact on reactor side | _ . )
Turbomachinery blade seal improvement (+12MWe)  Preliminary concept Additional tests required to

(development of new seal technology) validate concept

completed for turbine
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FIG.2. New Reference Brayton cycle
ASTRID Project Business Confidential InformatioACand GE property designs

3. The General layout of the Gas PCS

During the AVP2 phase (2013-2015), a techno-ecoa@nalysis has been conducted on the
ASTRID Gas PCS. A multiple parameters investigatiooncluded to an optimized
configuration of the Gas PCS with two turbomachnehaft lines in two separate turbine
halls. This configuration led to a strong reductairthe number of gas lines and equipment,
of the steel and nitrogen inventories (divided byaator 2) and of the Gas Inventory
Management System. In addition, the simplificatodrihe gas piping layout allowed a better
arrangement of the turbine hall with easier acbd#giand maintainability.

At the end of the ASTRID AVP2 phase, the selectadnthe concept of two 300 MWe
Turbomachinery shaftlines in two separate turbiablshwas confirmed and a first design of
the main components was defined. The AVP2 Braytgelecis based on a cycle with
recuperation and one stage of intercooling whictuaes a configuration of 4 Precoolers, 4
Intercoolers and 8 recuperators per Turbine Hall.

The new cycle configuration with a double interembtycle shouldn’t change the number of
Heat Exchangers but will have consequence on design.

FIG 2: AVP2 Gas PCS General layout

ASTRID Project Business Confidential InformatioACand GE property designs
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4. TheHeat Exchangers
4.1.The Sodium Gas Heat Exchanger (SGHE)

Eight Sodium Gas Heat Exchangers bring the thepoaler to the Gas PCS. Due to their
very innovative design and operating conditionsg Bodium Gas Heat Exchanger (SGHE) is
leading to a main technological challenge. The @odGas heat exchanger is based on a
compact plate heat exchanger technology investigagehe CEA6] [7]. The SGHE concept

is a component power unit of 190 MWth (2 compongmaissecondary sodium loop), using a
technology of plate assembly by high isostatic gues diffusion bounding manufacturing
process (HIP-DB) [7]. The principle of this desigh SGHE is based on a component
integrating 8 elementary modules of Compact PlaatHExchanger into a pressurized vessel
which also plays the role of inlet manifold (Figide These design options aim at:

» limiting the impact of a failure of the exchangeodnle towards the outside, the
external vessel constituting the second sodiumabament barrier,

* limiting the impact of a failure of the module dretsecondary circuit: the maximal
nitrogen leak section in the sodium is reduced, #re sodium manifolds are
brought out the pressure vessel,

* limiting the thermo-mechanical stresses: the pmessuwessel structures are
maintained at the heat exchanger low temperatige 310°C, and the plates are
maintained in compression,

* minimizing the sodium inventory in the components,

* maximizing compactness and minimizing the presduoe.

The significant weight of the pressure vessel dmdfact that the internal sodium pipes are
loaded by an external pressure are the main drdwslzddhis concept.

Few mock-ups at small scale (40kW) have been matwrad and tested on the DIADEMO
facility (CEA) in representative conditions [8].

The engineering of the SGHE general component veassferred to AREVA NP in March
2016, CEA R&D pursuing design studies on exchangelule because of its innovative
nature [6]. A road map for the development, quadiiion and industrialization of SGHE was
since developed in synergy between ANP and CEA R&id two SGHE project reviews
were performed. The principle to put the Compadcitd’lHeat Exchanger modules in a
pressurized vessel, playing also a “header/gassfsigkety containment” functions has been
confirmed. The selection of a concept of a “on flw®r” component has been made to
authorize the disassembling of the upper part@tcttmponent.

IEIEIE 1B

I Project Business Confidential InformatioEACand AREVA NP property designs
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4.2.The other exchangers

The new Brayton thermodynamic cycle with a doubtercooled cycle leads to the choice of:

* An economizer between the high pressure and lowspre lines of the cycle
increasing the average operating temperature S GIidE.
* Three stage of compression with appropriated cedf@dimit the compression
work and the power input to the shaft-line.
The operating conditions of these heat exchangetesrms of pressure and temperature are
less severe than these imposed on sodium / gasamyelrs. The economizer (also called
recuperator) is a gas / gas exchanger betweenighephessure and low pressure lines that
passively cools the expanded gas from the turhitletoand heat the recompressed gas before
the SGHE to raise the average temperature of the swirce and thus improve the cycle
efficiency. The pre-design studies carried outlos high power component show that only a
modular technology of compact exchangers couldebsilble for reasons of compactness and
allowable mechanical load.

The pre-coolers and coolers are gas / water exensifigr cooling the compressor inlet gas to
limit the compression work. They operate at thedsotpressure levels and temperature of the
cycle (at pressures below 110 bar, temperaturesvb®00°C). The use of compact plate heat
exchangers for these coolers leads to a gain irmtdecompactness at least a factor of 10
compared to the shell and tube concepts. Furthernvathout grid, penalizing in terms of
size and cost, it is not possible to implement argers based on plate&shell technology.
Therefore, the modular technology of compact plagat exchangers type should also
withheld for gas cycle coolers.

The engineering of these exchangers of the terg@y cycle has been addressed by the
CNIM Company since September 2016.

5. Theturbomachinery

At the end of AVP2 Phase (2013-2015), the turbonmaeli of both shaft lines is based on 2

split flow axial turbines, one Low Pressure and bligh Pressure radial Compressors on the
same shatft line as the turbogenerator. The dedigredurbomachinery has been pre-defined
together with the main ancillary systems. All keghnologies have references in the industry
and the feasibility of the turbomachinery is comi@d.

5.1.Theturbines

The driving machinery is a pair of multi-stage dxa#rogen turbine arranged in opposite
direction (split-flow concept) to balance the axtaiust. An innovative design for the turbine
inlet guiding the flow from the two incoming pip&s the blade area has been developed to
minimize the head loss. A similar concept is usmdle turbine outlet, which guides the flow
leaving the last stage blade to the 2 outlet pifégure 5). A barrel outer casing ensures
tightness while minimizing thermal distortions. 8l types of shaft-end seals such as
mechanical seal, hydrodynamic seal, brush seal..e l@en investigated to minimize the
shaft leakage. The bearings are conventional hymedic tilt-pad bearings. These 2
elements are enclosed in the bearing housing.

A comparison between axial and radial technolobees been performed concluding that the
axial technology was the most suitable for theingbTrade studies were performed between
a single-flow turbine vs. split-flow turbine. Whilghe single-flow turbine aerodynamic

efficiency was higher, the requirement for a batapiston to balance the turbine axial thrust
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makes the efficiency of the single-flow turbinetla¢ same level of the split-flow turbine. In
addition, a split-flow back-to-back turbine confrgtion reduces the risk thrust reversal
during transient. This has also the benefit to lobMade gas bending loads due to shorter
blades and twice the number of rows.

In the two shaft lines configuration, pipe linesnecting the turbine to the upstream and
downstream components are limited to 4, with twietioutlet pipes per turbine casing. The
reduction of the number of inlet / outlet pipingnglifies penetrations and allows returning to
more conventional solutions compared to the oné Bha configuration.

Turbine casings are subjected to high internalquies especially at the turbine inlet. To limit
casing ovalization causing leakage between turbtages and a drop in performance, the
current concept provides a double envelope witkrinal pressure balance.

Concerning the rotor, several construction techgiel such as bolted rotors, monoblock
rotor, welded rotor... have been investigated. Miging the mass/moment of inertia ratio
was crucial to allow a better behavior when goimgpagh the turbine critical speed during
speeding up/slowing down, and thus allowing the imimm radial clearances to be set.
Thermal, thermomechanical and rotor dynamic ansysnfirmed the feasibility of the rotor.

FIG. 5: Nitrogen turbine

ASTRID Project Business Confidential InformatioACand GE property designs

During 2016, the GE team paid particular attentimn on the consolidation of the
turbomachinery concept, especially on the turbiesigh. Now the first concept is completed,
and the team has sufficient insight to come bacthtse assumptions and ensure that they
lead to the best concept. In parallel, GE has aisestigated potential improvements
proposed during the various GE internal designesgsiand the ASTRID project Gas PCS
expert review held at the end of AVP2. Independamicept studies using alternative tools
have confirmed the feasibility of the turbomachynand the anticipated performances (figure
6). The best features from each concept will bed usemake a consolidated third concept,
ready at the end of 2016, which will be used am#isg point for the APD phase.

T

Reference turbine concept

(split-flow in separate modules)
£2

————a iy

e
Alternative‘turbine concept
(split-flow in a single module)

FIG. 6: Alternative Nitrogen turbine concepts
ASTRID Project Business Confidential InformatioACand GE property designs
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Many aspects of the turbine design are alreadyatwoladed: axial technology, split-flow,
hydrodynamic bearings, inner + outer casing constm, performance.

5.2.The compressors

Both axial and radial technologies were furtherlyred. The radial technology has been
maintained for its simplicity and robustness, bumalti-stage configuration has been chosen
to maintain a good efficiency (figure 7). Splitslocompressors and face-to-face mounting
single-flow compressors have been studied to mgenmesidual axial thrust during all
transients. Those options will be revisited in 2@d Take into account the new configuration
with three compressors (HPC, IPC and LPC). A go@thmanical behavior of the wheels is
expected even for maximum over-speed. Thermomechlaanalysis of the staged pressure
vessel shows that stress limits are widely obser@adly a few specific points are beyond the
limits while remaining well below the allowable ets limit. To confirm the mechanical
integrity of the pressure vessel, an elasto-plastalysis was performed in accordance with
the European Unfired Pressure Vessel Standard.aRaiysis has shown that all criteria were
passed with a minimum lifetime greater than 100@fles for the most-strained areas of the
casings.

FIG. 7: 2-stage compressor
ASTRID Project Business Confidential Informatio&ACand GE property designs

6. GaslInventory Management System

Actual load of the shaft line is driven by the sfiewolume of the gas in the turbine. The Gas
Inventory Management System allows the voiding filfidg of the tertiary nitrogen circuit
and allows management of the mass of gas in thariecircuit and thus the mean operating
pressure according to the various operating camditiof the reactor. Note that rapid
transients will primarily be managed by equipmeypdsses. The Gas Inventory Management
System, which is composed with 6 large gas stowegsels, 600 fhunder 50 bar each, is
now implemented on the ground floor of the turblmélding, below the Brayton cycle
equipment. In addition, a liquid nitrogen storaget,uand a set of nitrogen cylinders under
200 bar, allow to perform first filling and contious make-up (to compensate leakage) of the
Gas Inventory.

Turbine hall in Brayton

thermodynamic cyde

A J—
T .EJ. == U % -H-—;—LJ-—;—-LJ—--,- [

-
-
-

Nitrogen Bt | :] [ | 1 | | | | | IE g

FIG. 8:Gas Inventory Management System

ASTRID Project Business Confidential InformatioEAC GE and NOX property designs
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7. Integration of the GasPCSin the ASTRID general model plant

In 2016, the integration of the Gas PCS in the ABIReference configuration has begun
with the introduction of Sodium-Gas Heat Exchangersthe nuclear island and their
connections with the Secondary Sodium Loops andettiary system. Several configurations
of implantation of SGHE in Heat Exchanger buildiraysd plots of the Secondary Sodium
Loops and tertiary lines have been studied in pralith the turbine halls disposal on the
general plant model in order to obtain optimal exuics of the buildings, of the buildings
layout and of the gas piping layout. The selectbm lateral disposition of the turbine halls
oriented to the south and a longitudinal disposittd SGHE in two lateral Heat Exchanger
buildings has been made.

| HW : Sodium Gas Exchangers Buildings

- -

Coupe verticale Nord/Sud

ASTRID Project Business Confidential InformatioEACand AREVA NP property designs
8. Conclusions

Progress in the integration of the Gas Power CamwerSystem in the Astrid Reactor Plant
Model has been described together with the charsiits of main systems particularly the

turbomachinery, the Heat Exchangers (Sodium/Gas/Gas and Gas/Water) and the Gas
Inventory Management System.

Those studies performed all along the 2016-2017%ehaill allow to better specify the

technical and economic implications of the selecid the Gas Power Conversion System
taking into account all the aspects of the integnabf such an option, enabling a well-
documented comparison between Gas PCS and convainiteam PCS.
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