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Abstract — In the framework of the CEA R& D program devel oping the Advanced Sodium
Technological Reactor for Industrial Demonstration (ASTRID), the present work describes the
current status of an innovative compact heat exchanger and highlights the industrial challenges
this technology raises. One of the main innovative options under investigation for ASTRID isthe
use of a Brayton cycle gas-power conversion system. This system permits to avoid the energetic
sodium-water interaction, which can occur in steam generators in case of tubefailureif a
traditional Rankine cycleis used. In this novel concept, steam generators would be replaced by the
Sodium Gas Heat Exchanger (SGHE). Thefirst part of this paper presents the details of the
original design of this heat exchanger which allows a high thermal compactness. The main studies
supporting this devel opment are described in the second part of the paper. The thermal hydraulic
program demonstrates the potential of the technology used. An innovative geometry is also studied
on the gas side improving the thermal compactness. Thermomechanical analyses show the good
behavior of this exchanger under the ASTRID operating conditions. The manufacturing / welding
process optimization is ongoing in order to produce a component with nuclear specifications.
Soecific sensors and control techniques are also being developed in order to assessthe
manufacturing process quality and to allow future in-service inspections. At last, the qualification
programis presented and the first results obtained on an operating small scale SGHE mock up
working under ASTRID conditions are described.

I. INTRODUCTION

In the framework of the CEA R&D program
developing the Advanced Sodium Technological Reacto
for Industrial Demonstration (ASTRID), the presevirk
describes the current status of an innovative catipeat
exchanger and highlights the industrial challengjeis
technology raised. One of the main innovative opio
under investigation for ASTRID is the use of a Boay
cycle gas-power conversion system. This system ifeton
avoid the energetic sodium-water interaction, whazmn
occur in steam generators in case of tube failfira i
traditional Rankine cycle is used. In this novehcept,
steam generators would be replaced by a SodiunHBas
Exchanger (SGHE) [1][2].

The development of SGHE requires different fielfls o
studies as shown in figure 1. First of all the comgnt
relies on three disciplines in strong interactiGhthermal-
hydraulics allows to define heat transfer surfatasng
into account the requirements in terms of efficieand the
heat exchanger technologgij) the design study which
proposes a 3 dimensional view taking into account

technological constraints,(iii) the thermomechanical
analyses allow to justify the design. This desigocpss is

iterative, and is powered by R&D conducted on maker
and physical chemistry. It also should considerst@ints

resulting from regulatory aspects, and the usediusn.

Qualification SGHE for
Thermo- General DIADEMO ASTRID
mechanical design CHEOPS

Sizing,
justification '

- Module / core
Thermo- 8| manufacturing
hydraulic
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Materials Materials Standard I : Instre : Na
characterization compatibility & rules i

Figure 1: Different fields of R&D needed for the
SGHE devel opment.
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It is required that the designed object is inda#iri

doable: the design must take into account the Bpideis

of the assembly process envisaged for the manuéctu

the exchanger. Therefore there is a strong interact

between the teams developing the assembly procebs a

Sodium Nitrogen
Inlet temperature (°( 53C 31C
Outlet temperature (°C) 345 515
Pressure (bar) 180
Pressure drops (bar) 1
Flow rates (kg/s) ~6400 ~6500

those in charge of the design. Finally, the valatabf both
the design and manufacturing is made through a euimwib
validation phases at different scales before priogos
SGHE in its final version.

The first part of this paper presents the detdilthe
original design of this heat exchanger which all@sigh
thermal compactness. The main studies supportiig th
development are described in the second part opaiper.
The thermal-hydraulic program demonstrates therpiate
of the used technology, also with an innovativevfio the
gas side improving the thermal compactness of &t h
exchanger. Thermomechanical analyses show the good
behavior of this exchanger under the ASTRID opecati
conditions. The manufacturing / welding process
optimization is ongoing in order to produce a conmgru
with nuclear specifications. Specific sensors andtrol
techniques are also being developed in order tesasthe
manufacturing process quality and to allow future i
service inspections. At last, the qualification gmam is
presented and the first results obtained on anatipgr
small scale SGHE mock up working under ASTRID
conditions are described.

Il. SODIUM GAS HEAT EXCHANGER DESIGN

The SGHE has to transfer a total heat power of
1500 MWth between the 4 secondary sodium loopsttzad
8 gas loops of the power conversion system. Then mai
working conditions of this heat exchanger are sunwred
in Table 1. Taking into account the low intrinsiedh
transfer capacity of the nitrogen, the design isedaon
compact plate heat exchangers technology [1].

The principle of the design is to put compact pleat
exchanger modules in a pressurized vessel playsm a
header function (figure 2). The main motivationstlois
design are(i) the bundle of plates is in compression (this
limits the tensile solicitations in the structur@)) there is
a limitation of constraints due to hyperstatism ctea
module is free to thermal expansiofiii) the pressure
drops on the gas side are minimized, (vessel adimg
header), (iv) the module access is allowed for the
maintenance and inspectiofy) there are 2 confinement
barriers between Na and the outside (hence a module
failure has no impact on the outsid@j) the Na inventory
is low (<8m3).

The heat exchanger, shown in figure 2, has a tHerma
power of 187.5 MWth. ASTRID needs 8 SGHE, 2 by
secondary loop, to transfer the total heat powedhéogas
power conversion system. Each SGHE is composed of 8
modules with a thermal power of about 24 MWth each.

Table 1: Working conditions of SGHE.

Outlet gas_—"1

Infet gas Pressurized

vessel

Shell guide
gas

. @dm

1lm

& N . 8
i Napipes g
Thermal
sleeves

Figure 2: SGHE design layout.

The reference material for modules and Na pipes is
316L steel grade with controlled addition of niteogand
controlled impurities: 316L(N) defined by RCC MRx
French nuclear manufacturing code. For the prezsdiri
vessel, the reference material is the 2 ¥ Cr-1Mt) the
objective to use 2 ¥ Cr-1Mo-V in order to minimittes
wall thickness of the pressurized vessel.

[ll. THERMOHYDRAULICAL PERFORMANCES

Computational studies, on different pattern geoiegtr
have been performed in order to optimize the thérma
compactness of plate heat exchangers. The aimtiistbo
propose an innovative pattern improving the thermal
performances and also to demonstrate that obtained
computation results are validated by experimerdasd.d

II.A. Heat transfer patterns studied

Several channel flows were considered. Taking into
account the different plate heat exchanger teclgiedoand
also the thermomechanical loading, it appeared ohét
etched plates HE technology is robust enough forRI®
application, even if, considering only the thermal-
hydraulical aspect, the stamped plates HE techgolsg
more efficient. Indeed, in a stack of stamped glate
complex 3 dimensional flow favorable to improve thea
transfer is generated [1][2].



Parametrical fluid dynamic calculations were calrie
out considering three types of heat transfer padter
(i) straight channels of squared cross-section, welln,
easily machined, but having the lowest efficiernirthe
heattransfer point of view; (ii) wavy channels of squared
cross-section, more or less thermal-hydraulicafficient
depending on their geometrical parameters (figlire 3

Figure 3 geometrical parameters of wavy channels.

(iii) 3D channels, inspired by the 3 dimensional flow
of stamped plate heat exchanger. The objectivehisf t
innovative pattern is to adapt the 3D flow of stachplate
to the machined plate technology (figure 4). The
innovative channel is composed by elementary gedcakt
elements, specifically bends, straight channels raixihg
zones. The bends are present in each of the twersoged
wavy channels composing the innovative channele Th
mixing areas can be seen as the region correspptalihe
intersection of the two superposed channels: thay c
communicate each other through an “open windowedal
mixing plane. Here mass, momentum and heat traaséer
supposed to be strongly enhanced [3][4][6].

Upper i
channel = = T

Lower
channel —»

Bends

Mixing
areas

Figure 4: Description of innovative 3D channel.
I11.B. Computational fluid dynamics

In order to describe the flow in plate heat exclesgg
channels, the choice made was to use an approael ba
Navier Stokes equations solved in the average Sfielad
completed by a turbulence model: the RANS (Reynolds
Average Navier-Stokes) methods. They are most
commonly used today and the most adapted to our
application at high Reynolds number (30 000 <Re
<50000); in fact, direct numerical simulations (DNS) are
not adapted (due to computational limitations oghhi
Reynolds number flows) and "Large Eddy Simulations"
(LES) are too costly in terms of computational time

To perform calculations on this type of flow, onash
to be able to solve the wall behavior preciselybased
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models are preferred. In the solver used for thislys
ANSYS Fluent ®, available models usinguatransport
term are :

(i) the 2 equations standardekimodel, which main
known drawback is the sensitivity of the resultsthe
freestream boundary conditions;

(ii) the 2 equations, SST (Shear Stress Transport)
model, which is a trade-off between theknodel for the
near wall region, and K-modelaway from the walls; it
associates the advantages of these two popular Isnode
limiting their drawbacks. However, as it uses botbdels,
it is limited by the assumption of isotropic turbnot
viscosity,

(iii) the Stress Omega RST model (Reynolds Stress
Transport model), which is physically the most ctetg
one (using 7 transport equations describing thecartpy
of turbulence), but on the other hand is less exnnion
terms of computation time and less robust in tewhs
convergence.

To try to overcome the drawbacks of various models
presented above, a new model was proposed bastu: on
SST model. The goal is to treat its main limitatiby
associating an anisotropic description of Reynaliesses
following the formulation proposed by Bagliettoadt [11]
for a k€ model. This new model was named Anisotropic
Shear Stress Transport (ASST) [5]. It keeps a syt
computation time and good robustness still progdm
physical description of the innovative flow, veliyngar to
that provided by the Stress Omega model. For taerthl
turbulence, a traditional Simple Gradient Diffusion
Hypothesis (SGDH) approach has been used with the
turbulent Prandtl number being always equal t0.0,85

I11.C. Validation program

A large validation program of the CFD calculations
has been made. It first began with databases cofring
the literature and was completed by aerodynamicheszd
transfer tests [4].

For the aerodynamic validation, two experimental

devices were set up: a Laser Doppler velocimeti\(L
device and a Particle Image Velocimetry (PIV) devithe
LDV campaign, made in collaboration with ONERA,
allowed acquiring a large accurate database orfltie
mean velocity and on velocity fluctuations in selgrarts
of the channel (figure 5). This data is very usdtul the
validation of the numerical model, because it afiow
geographic access both in the fluid bulk and in the
boundary layer. However the LDV experimental camgpai
only provides very local measurements and doeslhmit/
a full overview of the channel flow. For this, tHdV
campaign (Figure 6), even if less accurate neamthke
regions, allows the acquisition of the global vélpéields
on different measurement planes.

Regarding thermal validation, a test bench named
VHEGAS has been designed, manufactured and indtalle



to measure the overall heat transfer coefficienditiérent
patterns. The test section is composed of the magxk
having the heat transfer pattern to be charactérizdine
for supplying air to the test section at the dekitew rate
(measured with a vortex flowmeter), heating plaieshe
two side of the mock up, thermocouples for meagutire
temperatures of the fluid and the wall, an insatatbox
and a control / acquisition system.
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acceptable. Note also that the theoretical values a
conservative in the exchanger sizing perspective.

I11.D. Heat transfer and friction factor correlations

CFD models and calculations (validated across the
large program presented just before) have been uked
to perform studies at a channel scale. We are mmfident
to propose heat transfer and friction correlationsrder to
be able to realize the thermal hydraulic designtrof
SGHE.

The correlations established for different patterns
geometries have been made with the ASST model. They
are summarized in Table 3 and are generally vadid f
20 000< Re < 60 000 and Pr=0,7.

Pattern geometry| Darcy coefficient  Nusselt Correlation

correlation

3D channel 4.£=0,8388R e 15 | Nu=0,0364R ¢ ©78%p 1 04
o =45°, D=2 mm

3D channel 4f=0,6393R e 0% |NU=0,0277R ¢ ®7%p 04
o =20°, D=3 mm

Wavy channel 4f =3,117.R&% Nu=0,0513.R&7471pf#
o =45° D=2 mn

Wavy channel 4f =1,2332.RE3% | Nu =0,0402.R&"°%pP4

o =20°, D=2 mm

Straight channel | 4 ¢ 0316 R#%° | Nu=0023RE PP

(Blasius) (Dittus Boelter)

PIV data

Figure 6: PIV device for aerodynamic validation.

Channel type Straight Wawy | 3D
Flow rate (kg/s 11.5 11.5 11.8
Temperature inlet / outlet (°C)| 69/155 | 44/66| 33/67
Wall temperature (°( 175 72 71

h VHEGAS (W/m2K) 19448 182427 237+16
h ASST (W/n?K) 185 163 178
Difference (% -4% -10% | -25%

Table 2: main results obtained using the VHEGAS device
for heat transfer coefficient validation

Globally it appears that the more complex is tlosvfl
the larger is the difference between the experiniefata
and computation results (Table 2).

Although the heat transfer in the 3D pattern isles
well described by numerical modeling, the differenc

between the experimental and theoretical data is

Table 3: Heat transfer and friction correlations for
different heat exchange pattern geometries.

These correlations provide several thermal hydeauli
designs of the SGHE modules (figure 7) taking into
account the specifications of the component, eaflgci
thermal efficiency and pressure drops (table 1)eyTh
confirm that the highest thermal compactness isinbd
using 3D channels.

Concerning the ASTRID SGHE, and the associated
design options, it is interesting to choose heahdfer
patterns that would allow a higher thermal compass$nIn
this case, are selected (Figurg(iJ)straight square channel
with a side of 2.5 mm as the reference solutionvéist
project risk),(ii) 3D channel with a 3 mm side channels
and a corrugated angle of 20 °, allowing a sigaificgain
on module length (> 40%), regardless of the mardiresto
the underestimation of the heat transfer coefficigable
2).



3,5
+30_45"_D:22mm
w3D_45°_D:3mm
3 X 430_20°_D:2mm
= ©30_20°_D:3mm
Ess . Wavy_d5°_D:2mm
=“ a Wavy_20°_D:2mm
o o Wavy_45°_D:3mm
c o of manufacturin gy
3 2 e Wavy_20°_D:3mm
o " = Straight_D:2,5mm
2 + Straight_D:2 mm
.
2 15 °q X Straight_D:3 mm
S G ISR—
bt H " A
5 4 | o thermomechanical
o 5
£ °
.
0,5
0
0 0,5 1 1,5

module height (m)

Figure 7. Size comparison of SGHE modules in
function of the heat transfer pattern (each module has a
power of about 24 MWth and consists of a steel plate of

1 m width).

II1.E. Na headers

Thermal hydraulic studies presented previously, make
the assumption of a homogeneous distribution of all the
channels of the current part of the module. However the
uniformity of the distribution is dependent on the boundary
flow conditions of the channels bundle. The work on this
topic has focused on Na headers. Indeed, the first CFD
calculations showed that the 1 bar pressure drops on the
gas side and the large size of the inlet gas manifold, that is
the lower part of the pressure vessel, induce a good
distribution. On the other hand sodium side pressure losses
are very low, a few mbar, leading real risks of bad
distribution.

Several CFD calculations have been carried out on
different headers configuration, external or internal
manifolds. Taking into account the number of small
channels and the large size of the module, a specific
calculation procedure has been developed, based on the use
of porous media instead of the channels.

The current status of this study allows proposing an
external Na manifold with an optimized grid to have an
allowable distribution (table 4).

These CFD calculations confirm that a bad distribution
of the channels bundle has a low influence of the thermal
efficiency of the component, but a high impact on the
thermal load.

Na manifold
Without . . Optimized
grid With grid arid
Inlet manifold Velocity [m/s] 10 10 10
Dispersion a (%] 25 4 3
Flow rates / channel | Qmin [%] 70 91 92
(kg/s) Qmax [%] 215 130 108
Tsmean | [°(] 347 345 345
Channel Outlet i | e
temperature T [°c] 312 332 334
Tsp® | [°C] 437 380 355

Table 4: Main results on the manifolds calculations
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IV. THERMOMECHANICAL ANALYSES

The key point on the SGHE thermomechanical
analyses concerns the module. The other parts are more
classical and don’t present challenges. The objectives of
this program is to provide a module structure able to work
in ASTRID operating conditions (steady state and
transients) taking into account the rules of the French
nuclear manufacturing code, the RCC MRx.

These analyses were carried out with the straight
square channels selected in §3.4 on the gas side. The
different configurations tested are summarized in table 5.

Achieving these calculations are done using a multi-
scale modeling. The principle is to use the results coming
from a 1D calculation code, simulating a transient.
Temporal variations in temperature discretized on the
length of the exchanger resulting from the calculation, are
then applied to a 3D geometry exchanger module, where
the channels are not explicitly figured, but taken into
account through the mechanical properties (elastic and
shear) in three different directions (based on the
homogenization method). This calculation module
provides a wide temperature range and elastic deformation
described in the time and the volume of the module can
then be applied to a local geometry explicitly describing
the channels according to the place to study. This will
calculate realistic levels of local constraints.

V1 thicker

EEE

GES Channel dimension 25x25mm? | 25x25mm?
e Gas ligament thickness | 1.0 mm 1.5mm
geometrical path 35mm 4.0 mm
Sodium | Channel dimension 30x35mm* [30x60mm*
side Ligament Na thickness | 1.5 mm 2 0mm
geometrical path 7.0 mm 8.0 mm 9.0 mm
plate Thickness 1.0mm

Table 5: Different geometries analyzed during
thermomechanical studies.

The best configuration is the V1 thicker geometry
(table 5). The periodicity of two gas channels for one Na
channel avoids flexion of gas ligament present in the VO
case. The gas ligaments superposed to Na ligament are in
compression. So the pressure loading avoid the global
delayering of the module.

Globally, damages due to primary loads, i.e. pressure,
and secondary loads, i.e. thermal loads, are allowable, even
in creep conditions in steady states loads. In transient
conditions, the thickness of end plates has a major
influence on the stress level on the adjacent channel
structure, due to the thermal inertia difference of the
structures. A maximum thickness of 10 mm is
recommended. For damages due to secondary loads,



progressive deformation criteria in creep situation are the
most difficult to be respected. Fatigue — creep for the
considered transitory is not dimensioning and leaves wide
margins for other cycles envisaged during the lifetime.

Additional studies will have to be carried out with
realistic manifold geometry, and realistic thermal loads
which take into account the not ideal distribution of the Na
channels, as defined in §3.5.

V. MANUFACTURING PROCESS

In order to achieve highly resistant modules, the stack
of plates must be joined at its periphery but also at its
center. Only brazing and diffusion welding can achieve
this. Brazing has been discarded in order to avoid brittle
compounds in the joints and to avoid contamination of the
base material by foreign elements which could impair its
properties, for example corrosion resistance under Na
environment. For the same reason, homogeneous diffusion
welding has been chosen, i.e. no coating (sometimes used
as an aid to diffusion welding) has been applied. Due to the
large size of the modules and the unavailability of large
uniaxial presses, diffusion welding by Hot Isostatic
Pressing (HIP) has been chosen. The plates are grooved,
cleaned and stacked in a canister. After vacuum outgassing,
the canister is sealed and HIP’ed. During HIP, creep and
diffusion enable the welding of the plates but channels may
deform. The extent of welding and deformation depends on
the HIP cycle parameters (pressure, temperature, time).

The performance of the heat exchanger modules relies
on three main items: the achievement of expected channel
dimensions, the performances of the material, the
resistance of the joints. In other words, the development of
the manufacturing process aims at providing answers to the
following questions: (i) how to minimize the channel
deformation, (ii) does the process modify the base metal
and if yes, which properties are affected and how much?
(iii) how to achieve joints with properties close or identical
to base metal? The experimental development has allowed
to identify and solve many issues linked to these questions.
The reference material for the application is a 316L steel
grade with controlled addition of nitrogen and controlled
impurities but it is not available as sheets. We used 1.4404
and 1.4435 grade cold rolled sheets.

As far as (i) is concerned, process parameters have
been found that allow to limit the overall deformation to
some percent while keeping strong interfaces. Figure 8
shows a 40 kW test mock up made of 6x20 gas channels
(wavy) and 6x12 sodium channels (straight).
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Na out'kt

= ;
Figure 8: 40kW test mockup (1.4404 steel, length 1.4m).

The base material gets modified in different ways
during HIP. The residual delta ferrite is dissolved and the
grain size increases. The mechanical properties decrease
accordingly, and this can be evaluated using Irvine’s
empirical relation [10]. Particular attention was given to
grain growth because, since the wall thickness between the
two circuits is about 1lmm, a too large grain size would
question the applicability of design rules and impair the
fatigue resistance, not mentioning the corrosion resistance.
The selected process parameters allow to keep the mean
grain size at reasonable values (less than 0.1mm), however
it should be acknowledged that more effort is needed to
better control the avoidance of abnormal grain growth
(Figure 9), which predominates at moderate welding
temperature [7]. Table 6 gives corresponding room
temperature mechanical properties.

"" :

X A A e PR i o
Figure 9: Diffusion welded 316L joints showing an
homogenous, optimum microstructure (left) and a

microstructure characterized by abnormal grain growth
(right, dots are artifacts). Bond line position is shown by

arrows.
Microstructure (with reference | homogeneous heterogeneous
to figure 9)

0.2%yield stress (MPa) 211.8 208.2
Maximum strength (MPa) 550 536
Elongation (%) 83.1 84.4
Reduction of area (%) 62.5 76.2
Impact toughness KV (J) 26517 >204*

Table 6: Room temperature mechanical properties of 316L
diffusion welded joints, mean value, 4 specimens
transverse diffusion (*) the energy capacity of the Charpy
test is 300J, some specimen did not break.

The influence of the initial material features
(microstructure and surface condition) and the process




parameters on the microstructural evolution of the material
and the interface microstructure have been thoroughly
studied [7][9]. For example, it has been shown that the
bright anneal surface finish is associated to aluminum
surface segregation, which in turns results in a
precipitation of alumina particles in the vicinity of the
interfaces. A more homogeneous joint microstructure is
achieved using a 2B surface condition. However, very
good tensile and impact mechanical properties can be
achieved in both cases [9]. Other sources of microstructure
heterogeneity are discussed in [8].

Summarizing, the development has allowed
manufacturing test mockups with limited channel
deformation, controlled material and joint microstructure
and very good material properties. Perspectives include the
modelling of the channel deformation and further
optimization of the process, with emphasis on the control
of the microstructural evolution of the material (both bulk
and interfaces), keeping in mind the large size of the final
modules. The establishment of detailed material
specifications is also an objective.

VI. MANUFACTURING CONTROL

The heat exchanger’s operating environment leads to
stringent safety requirements. To address these, specific
nondestructive testing methods have been examined. A
general analysis of the heat exchanger’s geometry, its
position within the reactor structure and of the available
testing techniques led to the selection of five main
techniques regarding manufacturing control possibilities.
The five techniques selected were (in order of relevance):
mechanical vibration, radiation techniques, eddy-current
techniques, optical imaging and leak testing. Among these,
three techniques were studied in depth: ultrasonic testing,
eddy-current testing as well as X-ray testing. The following
sections describe the main results obtained with each of the
techniques and conclude on the still ongoing work
regarding manufacturing control.

VIL.A. Ultrasonic testing

The work carried out regarding manufacturing control
took its start with some initial simple mockups consisting
of 2 stacked plates that were welded together using the HIP
process described in the previous section of this paper. Due
to the small thickness of the plates (a few millimeters),
initial investigations led to immersion ultrasonic tests at
frequencies around 20 MHz. These frequencies are usually
seldom used due to high attenuation in water but proved to
provide suitable for high resolution volume imaging of the
tested specimens. Combined with phased array transducer
focusing techniques, several observations could be
obtained on the examined plates. For instance, it was found
that the welds scattered elastic waves and thus allowed
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evaluating the homogeneity of weld. For an illustration of
this phenomenon (figure 10).

transducer
first plate

B-scan over

plate—__  A-scan

plate weld region

(a) of interest (b) (c)

Figure 10: Schematic of the inspection to be carried
out (a), B-scan obtained over the two stacked plates (b)
and A-scan at location of black line (c).

C-scans were also carried out on the specimens
received. This allowed the assessment of the geometric
characteristics of the groove channels within the plates. An
image segmentation algorithm was applied to obtain C-
scan to aid visual analysis of the deformation. This is
illustrated by figure 11.

l

;II[

i

dr : llnml“']ﬁmﬁ
(b) (d

Figure 11: C-scan results obtained on two different
types of plates. Image (a) shows the amplitude of the
surface echo, while image (b) shows the amplitude of the
engravings located inside the same plate. Image (c) shows
engravings in the second type of plate; image (d) is
obtained from (c) after applying a contour segmentation
algorithm.

VL.B. Eddy current testing

Eddy currents are currently investigated for the
inspection of the plate grooves from within the gas
channels. These channels being very narrow, a micro eddy-
current probe was designed. In doing so, a compromise
was achieved between the distances between coils and their
height. The full probe was mounted on a flexible holder
that allows it to be moved through straight sections of the
heat transfer channels. Defect detection testing was carried
out using this probe on a stainless steel mockup with
drilled holes. A sample result of the experimental signal is
shown in figure 12.



(b)

Figure 12: Sample test result of the eddy current
testing probe on a defect located in the channel center:
probe (a), sample mockup including drilled holes (b),
testing result showing the location of the five defects in two
different channels (c).

The obtained results are encouraging. The probe
performance is now being enhanced to be applied to real
mockups.

VI.C. X-ray testing

X-ray testing techniques have been employed on the
two plate mockups already shown in the previous figures
10 & 11. X-ray techniques are interesting because they
provide volume coverage of the material under inspection.
In particular, they have the ability to penetrate thick
metallic components. During our particular study case, X-
rays were shown to have a lower performance than
ultrasound inspection in the case of the two welded plates
shown in figure 10. Nonetheless, their volumic inspection
capabilities can provide interesting insight with respect to
other welded components (figure 13).

— - _ ——*
Figure 13: Sample X-ray image obtained during the
scan of two welded plates, showing the engraved channels.

VL.D. Summary & perspectives

In this section, we have described the nondestructive
testing techniques developed to assess the manufacturing
quality of different heat exchangers components. During
the course of this project, ultrasonic, eddy-current and X-
ray radiation techniques applications have been
demonstrated on different mock-ups. Based on these
findings, the current methods are being further studied to
provide quantitative estimates of the heat exchanger
components after they have been manufactured, the crucial
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objective being to determine when a weld can be
considered safe for industrial use.

VII. STANDARD AND RULES

Using compact plates technology for a large power
heat exchanger in a nuclear power plant is an innovative
option. In this sense, nuclear manufacturing codes are poor
in the manufacturing rules of such components. Analyses
of industrial back ground and nuclear codes like ASME or
RCC MRk, allow to identify what have to be done to
update the RCC MRx in order to take into account the
manufacture of SGHE. The main points concern (i) the
requirements for specific design rules, i.e. ASME Sect.
VIII div.1, (ii) sizing tests definition especially in
significant creep conditions to be able to determine the
service life and the resistance to fatigue, (iii) constitution
of the file material which have to concentrate the main
R&D effort, especially for the qualification of
manufacturing process, the establishment of particular
material specifications optimized for the manufacturing
process and also the characterization of the 316 L (N)
welded by HIP process.

VIII. QUALIFICATION PROGRAM

The qualification of the SGHE, globally as a
functional component, is foreseen in two main steps : (i) at
low scale (40kW) on the DIADEMO loop currently in
operation, where the objectives are to validate the
thermohydraulical ~ performances and  also  the
manufacturing process, and (ii) at ASTRID scale
(10 MWth) on the CHEOPS device, planned to be in
operation in 2019, where the additional objectives are the
validation of manifolds, the global functioning of a multi-
modules component and the instrumentation monitoring.

* Figure 14: Picture of the DIADEMO device, with the
40 kW HE mock up on this test section.

The DIADEMO device (Figure 14) consists of a gas-
loop, can be conditioned with nitrogen at 80 bar and 330°C
with a flow rate of 200 g/s and a sodium loop allowing to
have sodium at 5 bar, at a temperature of 530°C with a



flow rate of 200 g/s. The 40kWth mockup is composed of
6 sodium plates, 6 gas plates and 12 solid plates distributed
on either side of the channels buddle. The channel length is
about 1.2m and an overall length of the mockup is 1.4m
(Figure 14). It was manufacture as describe in §5.

After 2 months of tests (figure 15), the first
experimental results fully validate the thermal hydraulics
program conducted wupstream (§3) with exchange
correlations that predict the input/output temperatures of
the mock up to less than 5%. For the gas pressure drops,
the model underestimates the measures of around 8%.

In transient conditions, after a few cycles with the
lower representative thermal gradient (0.5°C/s), no
damages occurred.

History of tests on the mock up 1 bis

09 Purification of

the mock up
temperature

Na flow rate (kg/s)

Gas flow rate (kg/s)

Inlet Gas Temperature (°C)
Inlet Na Temperature E Na (°C)

ntempestive stops
(setting safe levels)

o
%

steps

e
N

, M 3 b-r.ﬂf‘f A~
J 7 ‘ " \ ! 500
—~ 0,6 H
z \ i
g 0,5 —\L 400
% — | -~ Hikgo i
=04 | b i i L P 30
3 I
o Bl
Y03 =
J { 1°" transitory 200
02 . ‘ (0,5°C/s)
ekt | Y 100
01 ‘ Frh ==t =
N \ »
0 r . 0
28/9/14 8/10/14 18/10/14 28/10/14 7/11/14 17/11/14 27/11/14 7/12/14 17/12/14
Time (day)
Figure 15: History of the operating condition on the
DIADEMO mockup.

IX. MANUFACTURING INDUSTRIALIZATION

An analysis of the skills and resources to be used for
the manufacture of the exchanger has been made. These
ones could be internal or subcontracted.

Material grade to be supplied is a 316L(N) based on
RCC MRx specifications but adapted to optimize diffusion
bonding. The material format will be plates, cold rolled
(2B as surface preparation), with an approximate size of
1200 x 4000 x 4 m3. Many steelmakers would be able to
make the necessary adjustments in composition of major
elements, but the main issue is the elaboration process of
the sheet based on the continuous casting, which excludes
the re-vacuum melting, which allows to control the
inclusion level.

For plates etching, chemical etching is preferred to
conventional machining, in terms of cost, time duration
and work hardening.

To success diffusion bonding, one has to clean the
plates, stack them and encapsulate them in a container,
achieve a seal weld, to degas the container and to seal it.
Prior to the container has been dimensioned, manufactured
and welded. This workflow must be scrupulously observed.

C)

(

Temperature
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To operate diffusion bonding by HIP on ASTRID
components, one needs facilities able to contain large
component and able to operate under low pressure.

X. SUMMARY AND CONCLUSION

An overview of the R&D program conducted for the
technical development of the SGHE for ASTRID with gas
power conversion system was presented in this paper. The
latest results obtained on the design study, the thermal-
hydraulical program, the thermomechanical analyses, the
manufacturing process and the manufacturing control
allow proposing a relevant heat exchanger, the SGHE that
fulfils the ASTRID specifications. Its original design is
based on the implementation of the compact plate heat
exchanger concept. It consists of modules put together in a
pressurized vessel, which has mainly thermomechanical,
safety and header functions.

The qualification program began at different scales. At
the channel scale, models and calculations were validated.
At the component scale, low power functional mockups
using the DIADEMO device gave first results that fully
confirmed the predicted thermohydraulic performances.

The next step is the qualification at ASTRID scale. To
succeed at this task, we have to industrialize the
manufacturing of the needed component in order to be able
to provide both the CHEOPS mockups and later the
ASTRID components.

The large R&D program carried out during this project
allows being confident that there is no technological lock
for the design and manufacturing of the SGHE. This
program has to continue in order to complete the different
studies. The main challenge concerns the manufacturing
industrialization with the adapted skills and resources.

NOMENCLATURE

ASST : Anisotropic Shear Stress Transport, CFD model.
ASTRID : Advanced Sodium Technological Reactor for
Industrial Demonstration.

CFD : computation fluid dynamics.

DB : diffusion bonding.

HE: heat exchanger

HIP : hot isostatic pressing.

HIP-DB : Diffusion bonding by hot isostatic pressing.
LDV: Laser Doppler Velocimetry.

PCS : Power Conversion System.

PIV : Particle Image Velocimetry.

RCC-MRx : French nuclear design and manufacturing
code.

RST : Reynolds Stress Transport Model; CFD model.

SST : Shear Stress Transport, CFD model.

SGHE : Sodium Gas Heat Exchanger.
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