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Abstract. within the framework of the French 600MWe Advanc®ddium Technological Reactor for
Industrial Demonstration project (ASTRID), a GasMeo Conversion System (PCS) based on a Braytor ¢ycl
studied. This innovative option has never been @mgnted in any Sodium Fast Reactor and is maishyfigd
by safety and acceptance considerations in inHgrealiminating the sodium-water and sodium-water-ai
reaction risk existing in Steam Generators withaaline cycle.

The present work describes the progress in theydesfi the ASTRID innovative compact Sodium Gas Heat
Exchanger (SGHE) and highlights the industrial lgmges this technology raises.

This paper presents the details of the design@SBHE which allows a high thermal compactness. mam
studies supporting the development are describesthgh on the external pressure vessel or on theoaom
internal heat exchanger modules.

At last, the qualification process is presentedulgh a number of qualification phases at diffesmaties.
Key Words: ASTRID, Heat Exchanger, Sodium, Nitrogen

1. Introduction

In the framework of the CEA R&D program developihg Advanced Sodium Technological
Reactor for Industrial Demonstration (ASTRID), {hesent work describes the current status
of an innovative compact heat exchanger and higtdighe industrial challenges this
technology raised. One of the main innovative ogtiander investigation for ASTRID is the
use of a Brayton cycle gas-power conversion sygtgmrhis system permits to avoid the
energetic sodium-water interaction, which can odcusteam generators in case of tube
failure if a traditional Rankine cycle is used.tls novel concept, steam generators would be
replaced by a Sodium Gas Heat Exchanger (SGHE)3R],

The development of SGHE requires different fieltistadies as shown in figure 1.
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Figure 1: Different fields of R&D needed for the BE development

The design and the qualification of component nyanelies on three disciplines in strong
interaction [3]: (i) thermalhydraulics allows to folee heat transfer surfaces taking into
account the requirements in terms of efficiency #ral heat exchanger technology, (ii) the
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design study which proposes a 3 dimensional viekinga into account technological
constraints, (iii) the thermomechanical analysésaato justify the design.

This design process is iterative, and is powere®&&i) conducted on materials and physical
chemistry. It also should consider constraints Itegu from regulatory aspects, industrial
capabilities and the use of sodium.

It is required that the designed object is feasiblgustrially: the design must take into
account the specificities of the pressurized veaselell as the assembly process envisaged
for the manufacture of the heat exchanger modulksrefore there is a strong interaction
between the teams developing the compact platedxesianger assembly process, those in
charge of the design of the heat exchanger modwdetase in charge of the overall SGHE
integration.

The engineering of the SGHE overall component wassterred to AREVA NP in March
2016, CEA R&D pursuing design and manufacturinglistsl on heat exchanger module to
continue the improvement of the maturity level. Aad map for the development,
qualification and industrialization of SGHE was cg@ndeveloped in synergy between ANP
and CEA R&D.

The first part of this paper presents the detdilthe general design of this heat exchanger
together with the principal benefits got with sullesign. The main studies supporting this
development are described.

The second part focuses on the progress in thgrdesid the manufacturing process of the
compact plate heat exchanger modules.

At last, the qualification program is presented.e Tdualification of both the design and
manufacturing is made through a number of quatiicaphases at different scales before
consolidating the SGHE in its final version.

2. Functional analysis of the SGHE

The SGHE has to transfer a total heat power of 28@h between the 4 secondary sodium
loops and the 8 gas loops of the power conversystesr. The main working conditions of
this heat exchanger are summarized in Table 1.

Sodium Nitrogen
Inlet Temperature (°C) 530 310
Outlet Temperature (°C) 345 515
Pressure (bar) 180
Pressure drops (bar) 1 1
Flow rate (kg/sec) ~ 6400 ~6500

Table 1: Working conditions of SGHE
Taking into account the low intrinsic heat transfapacity of the nitrogen, the design is based
on compact plate heat exchangers technology [2¢ ptinciple of the design is to put
compact plate heat exchanger modules in a pressivigssel playing also a header function
(figure 2). Each SGHE is composed of 8 modules waitinermal power of about 24 MWth
each.

The principle of the design is to put compact plaat exchanger modules in a pressurized
vessel playing also a header function. The mainvatdns of this design are: (i) the bundle
of plates is in compression (this limits the temsblicitations in the structure), (ii) there is a
limitation of constraints due to hyperstatism (eawobdule is free to thermal expansion), (iii)
the pressure drops on the gas side are minimizedsél acting as header), (iv) the module
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access is allowed for the maintenance and inspectig there are 2 confinement barriers
between Na and the outside (hence a module failaseno impact on the outside), (vi) the Na
inventory is low (<8m3).

3. The Sodium Gas Heat Exchanger Design
Component description and principle

The Sodium Gas Heat Exchanger is composed of agrnextvessel in which compact
modules are housed-in. Each module is organizea base of a series of stacked plates
bundle described in the following chapter.

The design of the component pressurized vessehsed on the RCC-MRx 2012 code.
Assessment of safety analysis is on-going for ¢bimponent. On the basis of the safety class
level 2, engineering design studies are carriedagabrding to the RCC-MRx mechanical
guality level 2 criteria and manufacturing rules.

The heat exchanger component, shown in figure &, e#ermal power of 187.5 MWth.
ASTRID needs 8 SGHE, 2 by secondary loop, to teangfe total heat power to the gas
power conversion system. Each SGHE is composedmb@ules with a thermal power of
about 24 MWth each.

Component coolants feeding or ganisation

The compact plate modules are fed with sodium bgmeeof 32 feeding pipes. Pipes cross
through the lower part of the pressurized vessahbymeans of thermal sleeves and nozzles
implemented onto the vessel lower elliptical heathd. Internal sodium pipes are displayed
inside the pressurized vessel, between its lowdraoa the upper part of plate modules. Each
plate module is fed with hot sodium in its uppertpahen cold sodium flow-out from plate
module on its lower part.

On the lower part of the component, outside thesqurezed vessel, two self supporting
toroidal sodium headers are installed. The two ewmld hot headers feed the 32 “S” shaped
external sodium pipes. These “S"shape feed pipessat-up for pipe thermal expansion
accommodation and thermal stress limitation withi structure.

In the upper part of the component, nitrogen gadaca inlet and outlet are set-up for gas
feeding. Nitrogen gas flows in and out the vesseltvioo large nozzles, allowing the gas
pressure drop lowering.

Inside the vessel, an internal shell is installehg the vessel internal skin. Cold inlet gas is
flowing in between the pressurized vessel andittiexnal bell shaped shell. This allows the

vessel cooling by cold gas entrance at 310°C. At geits from the plate modules, an

intermediate common chamber is implemented to ciotlee gas from all the modules. This

chamber is linked to a concentric gas exit duchiwithe upper gas nozzle. To limit the gas
leakage from cold gas inlet and hot gas exit, gaskgstem and it support device are set-up in
the upper part between the exit nozzle, and hoegésiuct.

Supportsand pressure vessel closing

The plate modules inside the vessel are layed-aananternal metallic support slab installed
inside the pressurized vessel. The support sl@iongosed of a network of beams that are
welded together and fixed on slab periphery ontlinek internal vessel by means of consol
supports. The slab includes rooms for sodium fepe passages.
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The coolants organization/segregation with gasifgedn upper part and sodium feeding on
lower part favors the component and circuits set-optimization within the installation
building.

The SGHE component is supported by a large coslgdl installed on the vessel lower part.
An annular flange is welded on the skirt basemEmé component is anchored to the building
concrete slab using 24 studs distributed alongskie flange. Seismic damping device may
also be implemented on the upper part of the vessel

The pressurized vessel is composed of two parswvaly an opening for in service
maintenance / inspection or module replacement.|@\Wer part supports the plates modules
and its support slab but also the sodium pipe tgcwhereas the vessel upper part includes
the gas nozzles. The vessel can be opened by hagritie vessel upper part, without any
sodium circuit opening. The two vessel parts ank&eld together by means of a set of 2
flanges and 46 studs. Leak tightness in betweernwbevessel parts is granted using two
concentric O-ring metallic gaskets implemented rileadarge vessel flanges.

Pressurized vessdl material

For the vessel, the reference material initialbpireed was the 21/4 Cr 1-Mo or 21/4 Cr 1-Mo
-V with the objective of vessel wall thickness mmization. In charge of the vessel design,
AREVA-NP recommends to select an alternative malteas the 15 CD9-10 grade. The
rational of this last choice is the benefits oAege mechanical strength, that is comparable to
the 2 Cr 1-Mo-V grade, and without lowering the tougtsesloreover when compared
with 22 Cr 1-Mo -V, the 15 CD9-10 grade have a better wility. Data base for fatigue
resistance or creep behavior remains to be contpfetehis last grade.

Component design challenges

Designing innovative component requires to facdlehges. The sodium-gas plate exchanger
component option is a promising component with aetfeed-back experience that requires
deep validation analyses. Among them the bucklihghe hot vessel internals have to be
pointed out and focused since they are also swgeit high transients thermal loadings
induced by the efficient sodium coolant flow-in.

Since high pressure level near 180 bar is existitigin the vessel at steady state, the internal
structures housed within the vessel are subjediuttkling on the one hand and thermal

loadings on the other hand. This includes the malesodium feeding and discharge pipes but
also the connecting sodium headers that are wetgléoe compact plates modules. Both of
them are loaded under compression stresses. Ortheofnain challenges is to design

efficiently these sub-parts accounting these twagonist loadings. One requires thick and
stiff structure when the other requires to redusefaa as possible the thickness and the
structure stiffness. On-going relevant design ssidind optimizations are still in progress.

Two large flanges are requested for the closuleetween the two vessel parts. To sustain the
pressure loading during nominal operating condiiad during the pressure validation tests,
the thick flanges are designed with 650mm widthe Tlange sizes are out of current standard
limits prescribed into the RCC-MRx design codes atahdards (maximum allowed width
=500mm). Even if this remains feasible accordinghe industrial manufacturing process, a
specific development/qualification is required tbe forged flange validation demonstration.
This remains within the feasibility domains, thees of forged pieces for SGHE vessel and
flanges being not far from the sizes mastered biEYWR-NP.

Sodium is fed by way of 316 L(N) grade pipes. Pipasge to cross through the lower part of
the pressurized vessel by the means of thermaledemnd nozzles implemented onto the 15



5 Paper | AEA-CN-245-286

CD9-10 grade vessel, in the lower head dome. Bahliretwelding between stainless steel
thermal sleeves and the 15 CD9-10 ferritic gradssekis to be assumed. Welding tests and
gualification process are requested to analysevaldiate this Bi-metallic welding option.

Vessel size and mass balance optimization

The vessel size relies on the interface dimensmhspace required for modules and internals
housed inside the vessel. Currently, the interrssel diameter required to house all the
internals is 4225 mm. The vessel thickness is aB60tmm by taking into account a design

pressure of 200 bar, slightly higher than the nainpressure. With a total height of 13.5 m,

the total mass balance for each of the 8 SGHE caeigs reaches about 432 tons (including
all the internals, the modules and external pipekleeaders). Alternative solutions of vessel
design are in progress to decrease the overallhweighe SGHE.

Engineering studies will be pursued to deal witnhrious challenges expressed above.
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Sodium external pipes and headers 14
Plate modules ~80

Total Mass balance 432

Figure 2: SGHE component vessel
ASTRID Project Business Confidential InformatioEACand AREVA property designs
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4. The Sodium Gas Heat Exchanger module design and manufacturing process

The core of the SGHE is constituted by the heahaxge modules using the plate machined
heat exchanger (PMHE) technology. The principabisnachine heat exchange patterns of
each fluid on a set of plates, alternatively stifiekgas plates and the sodium plates, and weld
themselves by diffusion bonding. The design of eacldule was made by the help of a large
R&D program dedicated to optimize (i) heat exchapgtern on the gas side, which is driven
the global heat exchange, and (ii) the sodium heiadallow a homogeneous feeding in order
to save the thermal efficiency of the heat exchabgéabove all to limit the thermal loading
of the module.

The works made on the gas heat exchange pattesinteazed what could be the maximum
thermal compactness reachable using PMHE techn@odyso what is thermal compactness
loss with a more conventionnal heat exchange paftg}i5]. A set of friction and heat
exchange correlation were established in fucntiénth@ pattern geometry [3]. These
correlations allow the thermohydraulical sizing thie module taking into account the
specified working conditions (table 1).

The works made on the sodium headers allow to @®@po innovative design of the sodium
channels outgoing in the header [4][6] improving #odium feeding. This particular channel
design avoid thermal loading due to classical assyoal sodium feeding, increase the
pressure losses to an acceptable level by meabsguotations (2 levels), allows a pressure
correction between the channels and between thespl®]. This header design were
hydraulicaly qualified on DANAH facility (figure 4)

The design of the SGHE module is presented in &é@ur

" [7 Patent FR16 57543

\\w

i u

Module Gas plate Sodium plate
Channel section (2x2 mmg2) Channel section (BxB)

Fig. 3 : module desing based on large R&D progi@iii7].
ASTRID Project Business Confidential InformatioEAroperty designs
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Manufacturing process

In order to achieve highly resistant modules, theksof plates must be joined at its periphery
but also at its center. Only brazing and diffusweelding can achieve this. Brazing has been
discarded in order to avoid brittle compounds i jitints and to avoid contamination of the
base material by foreign elements which could impai properties, for example corrosion
resistance under Na environment. For the same mgasmogeneous diffusion welding has
been chosen, i.e. no coating (sometimes used aisl 4o diffusion welding) has been applied.
Due to the large size of the modules and the utedubty of large uniaxial presses, diffusion
welding by Hot Isostatic Pressing (HIP) has beewseh [3]. The plates are grooved, cleaned
and stacked in a canister. After vacuum outgassimgcanister is sealed and HIP’ed. During
HIP, creep and diffusion enable the welding of piates but channels may deform. The
extent of welding and deformation depends on thé Hlcle parameters (pressure,
temperature, time).

The performance of the heat exchanger modulessrehethree main items: the achievement
of expected channel dimensions, the performancéseaihaterial, the resistance of the joints.
In other words, the development of the manufactuprocess aims at providing answers to
the following questions: (i) how to minimize theacimel deformation, (ii) does the process
modify the base metal and if yes, which properéies affected and how much? (iii) how to
achieve joints with properties close or identicabaise metal? The experimental development
has allowed to identify and solve many issues linicethese questions.

The reference material for the SGHE applicatiorai816L steel grade with controlled
addition of nitrogen, controlled impurities and kvét small initial grain size.

The base material gets modified in different waysirdy HIP. The residual delta ferrite is
dissolved and the grain size increases. The metdigmioperties decrease accordingly, and
this can be evaluated using Irvine’s empirical ttefa[8]. Particular attention was given to
grain growth because, since the wall thickness &etwthe two circuits is about 1mm, a too
large grain size would question the applicabilify design rules and impair the fatigue
resistance, not mentioning the corrosion resistéBice

The influence of the initial material features (rostructure and surface condition) and the
process parameters on the microstructural evolubbrnthe material and the interface
microstructure have been thoroughly studied [8][9].

The main issues of the classical PMHE difusion looggrocess are the control of the contact
pressure, impacting the welding quality, on all fhetes staking when pattern between two
consecutive plates is différent and also the mantufeng control after difusion bonding.

To solve these issues, an innovative welding psbas been developped [10]. It consists to
HIP independantly gas and sodium pairs platesyabthitem by tranparency using ultrasound

technics, HIP the stak of plates pairs, and continel module boundary by ultra sound

technics.

5. TheQualification Process

The qualification process of the ASTRID SGHE folkwhe general requirements of the
gualification process of simulation tools, compadseand systems of the ASTRID Project
[11].

The development of this SGHE may be broken dowmtimtee main stages [3] :

1. Conceptual studies and related justificatiorcudations: this stage has to provide a
certain number of innovations and related pategitgive to (i) the design of the component
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itself, (ii) the manufacturing process, (iii) thechange pattern allowing an improved thermal
compactness, (iv) the Na collectors to ensure adgemeous distribution of the modules.
These studies strongly rely on theoretical worlkstially validated.

2. Analytical validation where the objective is teeperimental validation on a reduced
scale with simulating fluid, on representative pat the concepts and models proposed and /
or developed in the previous stage. For the thernyalraulic performance studies, the
validations were carried out on the scale of the-gide channel [3][6] (test sections
implementing LASER viewing), Na headers by meansvafer-to-sodium similarity tests at
channel scale and scale 1 on DANAH facility [4p(#).

INLET
HEADER

CHAMNMEL
BUNDLE

QUTLET
HEADER

ATV T |

A ULLLLLRRRRRTTTT i
Fig.4 : DANAH facility. lllustration showing calcated and measured channels outlet
velocity profiles [4].

3. Global qualification: the objective is to taked account in a same test all the
significant parameters validated individually irethrevious stages. For that, it is needed a
functional heat exchanger mock-up working with ASIDRonditions. In order to limit the
risk and associated costs, two qualifications scakere chosen [3]:

* Small scale: tests on elementary Heat eXchanger) (MBck-ups with a heat power
capacity up to 40 kW. These tests are performatdarDIADEMO facility (Fig. 5) which
is part of the PAPIRUS (Park of small Installatioh R&D for Utilization of sodium)
platform. The objective is to validate the therrhgltraulic performances of the current
exchange part, as well as to validate in a prekmyinvay the thermomechanical behaviour
of the bundle of plates and thus the assembly psoc€hese experimental tests have
started in 2013 and will contribute to raise theLTiRdex from 2 to 4.
Complementary to these tests, a series of elemetdats are carried out in parallel on
other facilities belonging to the PAPIRUS platform.

Fig.5 : Picture of the Compact Plate Heat Excha(@®HE) and DIADEMO facility.

» Scale 1: tests on a large tests facility named N8&®nging to the CHEOPS platform.
CHEOPS platform (see figure 6) is a CEA technolalgmlatform which is planned to be
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built by 2020. It will be a set of large sodium ifdaies for component or system
gualification.

Fig.6: CHEOPS drawing - Integration in the enviramn

The NSET facility will allow a power exchange upi® MWth. This facility is designed to
bring validation on the operation and performantcthe heat exchanger module (scaleof
the ones foreseen for ASTRID) and components (tggng a set of modules, scale 1:12) in
stationary and transient conditions. These testg hall be performed during the ASTRID
Basic design phase. The objective is to qualifydatail the heat exchange, the design
(especially the design of the sodium manifold), thmanufacturing process with its
manufacturing control strategy and the instrumeémafor in-service monitoring. These
gualification tests will raise the TRL index fromd&?7.

6. Conclusions

Progress in the ASTRID Sodium Gas Heat Exchangeeldpment has been described
focusing on the general design of this heat exabariggether with the principal benefits got
with such a design, and on the design and the matwring process of the compact plate heat
exchanger modules.

The qualification program has been presented lgghhig the different phases at different
scales enabling the consolidation of the SGHE aesigis final version.
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