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Meet the presenter GENY

Ms. Fang Chen is a third year PhD student at CEA Cadarache in the "Service de
Technologie des Composants et des Proceédés (STCP) " in the "Laboratoire de Traitement
et des Risques Sodium (LTPS)."

Her PhD research aims at providing a numerical tool that enables users to describe the
structure of the jet (bubble distribution, Mach disk, etc.) as a function of the flow rate of the
gas leak. The developed compressible multiphase flow model is implemented in CANOP
that enables users to generate the Adaptive Mesh Refinement and to calculate in parallel.

Ms. Chen is one of the three students who won the Elevator Pitch Challenge (EPIC) contest
at the GIF Symposium meeting in Paris in October 2018, and as a result has been awarded
the opportunity to give this presentation.

Email;: fang.chen@cea.fr & fangchen1019@gmail.com
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ASTRID Project

(Advanced Sodium Technological Reactor for Industrial Demonstration)

= Safety objective: Sodium Water Reaction prevention

Main favorable features of SFR

— The whole primary circuit (not pressurized) is
contained in the main vessel;

— Large boiling margin of sodium;

— High thermal inertia in case of loss of main heat sink;
— Power control by single rod position, no xenon effect,
no need of soluble neutron poison;

— Collective dose on a pool type SFR is very low
compared to PWR,;

— The intermediate system provides an extra
containment between the primary circuit and the
environment.,
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ASTRID Project
(Advanced Sodium Technological Reactor for Industrial Demonstration) GE@

= Two Power Conversion Systems (PCS) studied in parallel:

Water Steam
PCS with
Helicoidal SG

Gas PCS with

SGHE

Sustained level of studied to increase the |

. maturity level of gas PCS and to better

Maintain a system competence, back up assess the risk and cost / advantages
solution if Gas PCS is a dead end.

) ;.
CEA R&D (SGHE Development,
operation, safety, transfer Tritium
Dependent on industrials partner of ASTRID evaluation) \
" CEA R&D (material, SWR modelling, transfer k
/ Tritium evaluation) J
4
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SGHE design

(Sodium Gas Heat Exchangers) GE Internationa

Forume

Thermo- Qualification : SGHE for
mechanical : General design DIADEMO ASTRID

Sizing, justification CHEOPS

Thermo-hydraulical
Exchange performance, Module / core
figzidlets manufacturing

CEA / Industrial

Materials Materials Standard &

dherEerimiion Cemee rules Inspection Instrumentation Na constraint
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SGHE design

(Sodium Gas Heat Exchangers)

— A 40 kW was tested in CEA (Plancqg et al., 2018)

— ~37.5 % of efficiency

— Bundle of plates in compression: limits the tensile
solicitations of isthmuses,

— High compactness,

SODIUM
Inlet HEADER

SODIUM
channels

GAS
Outlet

Internationa
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Minimize pressure drop on the gas side, vessel acting as
header,

Limitation of loads due to thermal expansion of structures,
Module access is allowed for the maintenance and ISIR,
Module structure temperature driven by Na : absence of gas
header improves thermomechanical behavior (transitory).

SECTION

CHANNEL BUNDLE -
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Objective of present work GE@ International

Forume

= Pressure difference between the secondary & tertiary loop:
— 180 bar in gas loop,
—5 bar in sodium loop. — Na

= Accident scenario (wall crack): gas leak into sodium,

under-expanded gas jet. H N
= Safety analysis: acoustic detection of gas leak —

Bubble ____Ji  /coustic
o detections
distribution [ ] of gas leak
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Objective of present work

= Organization:

—Viscous Nozzle flow : IMFT
— Compressible flow (Barrel shock, Mach disk) : IMFT, CEA, IUSTI, ANL

— Acoustic for leak noise detection : CEA, KTH
— Liquid droplets behavior in supersonic flow: [USTI
— Bubble distribution : ANL and CEA (IKHAR)

Intermationa
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GE

= ODbjective: provide a numerical tool to find the structure of under-expanded gas jet as a function of

the flow rate of the gas leak

Subsonic zone
Bubble layer
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Development

= Predominant physical phenomena
= Multiphase model

= Numerical tool
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GE

da, .
e +u,Va, =pn(f—P)

d(azpy)
at
d(agpgity)
at
d(aypyEy)
at
Aap)
dt
(e o)
at
(aip Ey)
at

+ div(angTTg) =0

+ div(aypity @ity + ayPy) = B ay — A(, — 1))

+ div(ng(agpyEg + (Ing)) = Plul'?ag — Auy (i — ug)
+ div(aypug) = 0

+ div (o @ + ey Py) = BV ey + Ay — ;)

+ div(w, (e, p, By + oy P))) = Pﬂil?ai + Auy (g — uy)
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Predominant physical phenomena

* Inhomogeneity of the velocity between two phases

400 5); RN .
: Nitrogen Py = 20 bar e
300 dy = 0,7 mm i 570 (/7 = N\
- i~ * / T
x = 14mm "”i ;/// I 1o i ‘I
z i b 7 L2 b
S o W 2:1
> 200
= I
o
(<3}
> 100 =
L 1 n J
-5 -3 -1 1 3 5
R (mm)
P, =20 bar,dy = 0,7mm,x = 14 mm p
(Le Romancer 1991) Fo = 7 bar, dy = 1,0 mm

(Vivaldi et al., 2013)

Two velocities

Model :I| ! IZBZI Others ?
Drag force
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Predominant physical phenomena GE@ niermationsl
* Inhomogeneity of the pressure of two phases

P, P2 A flow with dispersed phases (bubbles & droplets)
R(t) Track the evolution of the bubble size:

Rayleigh-Plesset Equation:

R(t) = APy,

Two velocities

Model |= I{:ZI Two pressures I{:ZI Others ?
Drag force

F.CHEN | 31/07/2019 | 13




Predominant physical phenomena

= Viscous diffusion

— Effects at the nozzle & the curvature of the incident shock wave

— Taylor-Gortler instability affects the jet structure downstream of flow

Two velocities

Model ]

Drag force

Two pressures

T, =773K
x/ XpMm

ok
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GE

Modelling of the under-expanded jets
obtained with the AVBP code. The
results colored by the mass flow rate
[Chen et al., 2018].

The impacts produced by the under-
expanded nitrogen jets in sodium
hydroxide [Lécume et al., 1989].

Viscous
(?
diffusion 7| Others
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Predominant physical phenomena

* No chemical reactions (concluded from the experiments in ANL)
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GE

= No phase change [Chen et al., 2016] (technical note not published)
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Multiphase model o
GE@ International

= Baer-Nunziato + Drag force + Viscous diffusion + Others ? Forum*
da, o
W + u,Vag =0
d(agpg) . .
% + dw(cxgpgug) =0 .
o ) a : volume fraction
Hg;gug + div(agp it ®u, taghy) = PVa,| +Fp || +F, p : density (kg/m?)
a( E) u . velocity (m/s)
a — _ — =
g;g 9/ . div(itg (agp B, +aghy)) = Pivay| +uFp, | +7gF, P . pressure (Pa)
3 (@p,) E . total energy (J/kg)
r
a‘;’o‘[ + div(a;pu;) = 0 Fp : drag force (N/m3)
E, : viscous diffusion (N/m3)
9 (arpyuy) di — o =, _ 5 — = ne liquid. interf
T+ (e pu;®u; +aiP) = PVa;| —Fp || +F g, L, I: gas, liquid, interface
d(a;pEp) o — S p— =
%4— dlU(HI(QIPIEI +alPl]] = Plil)val _uIFD II -|—uva

= Numerical scheme:
— Rusanov solver
— MUSCL-Hancock
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Multiphase model o
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= Limit the non-physical effects of the fictitious phase in the pure phase
— Shock tube air-sodium
o Initial conditions

..k .
P: pressure Pa; p: den51tym—‘i ; u: velocity m/s
Left chamber Right chamber
P2 = 180, P2 = 84, U, = O, a, = 0.999999 Pz = 5, P2 = 2,4‘, U, = 0, a, = 10_6
0 0.5 10X (™)

o Parameters of EOS (Albert-Nobel-Stiffened-Gas)

% 7 (Pa) g (J/kg) b (m3/kg)
Fluid 1 1.19 7.03*%108 -1177788 6.61¥104
Fluid 2 1.4 0 0 0
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Multiphase model

= Limit the non-physical effects of the fictitious phase in the pure ph

— Results
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Model

Two velocities
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Multiphase model

= Limit the non-physical effects of the fictitious phase in the pure p

— Corrected results
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Numerical tool - CANOP
= Two layers in CANOP: GE

— Low-level layer:
» cell-based Adaptive Mesh Refinement (P4est library),
» efficient parallel computation.

Intermationa
~orum-

Density tkg/m3)

Recursive subdivision and space-filling curves (SFC)

[N

-

o
o

04
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» 1:1 relation between leaves and elements — efficient encoding
» Map a 1D curve into 2D or 3D space — total ordering
» Recursive self-similar structure — scale-free An AMR example controlled by the gradient of density.
» Tree leaf traversal — cache-efficient
— High-level layer, for implementing numerical schemes:

» Finite volume method,

» PDF problems in Fluid Dynamics (for astrophysics, multiphase flows, etc). F.CHEN | 31/07/2019 | 20
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Numerical tool - CANOP GE
= General sketch of CANOP framework @

L -
. 4

Branches Functions
in CANOP defined by user
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Results

= Model validation

= Under-expanded gas jets

F.CHEN | 31/07/2019 | 22



Calculation strategy GE
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Vahdat.lon of —Two-phase shock tube tests: analytical cases of the literature
convective part
/.‘
/
Validation of —Viscous diffusion: Poiseuille flow
source terms —Momentum exchange: mixing layer between two fluids
\ I

Modelling of

— Comparison between the numerical results & experiments
under-expanded P P

—Under-expanded gas jets in SGHE channel

gas jets

.
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Model validation GE@ niermnational

= Convective part -orum
— Initial conditions

P: pressure Pa; p: denSIty > 5 u: velocity m/s
Left chamber Right chamber
P1=1;p1=1;u1=0;a1=07 P1=1,p1=1,u1=0,a1=03

P2=03, p2=02, u2=0,a2=03 P2=1, p2=1, u2=0,a2=07

X (m)
0 0.5 1.0

— EQOS parameters for two fluids (Albert-Nobel-Stiffened-Gas)

__

Fluid 1
Fluid 2 1.4 0 0 0
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Model validation

C . ¢ [nternationa
| - o G
— Results
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Model validation
= Convective part

Internationa
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— Results
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Model validation

= VIscous diffusion
— Initial conditions

[ntermational
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i
B Im
. : 0121 ~n
e Y
H A
U Density Pressure Dynamic viscosity Conductivity Pr Mach Re Gamma
(m/s) (kg/m?) (Pa) (Pa.s) (J/K/m) - - - -
1.0 1.0 4.4643 5%10-3 6.95 0.72 0.4 200 1.4
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Model validation | )
| e GE International
= \/Iscous diffusion @ [—O[-unl“

— Results

0.1

— —Exacte solution
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Model validation

= Momentum exchange GE

— Initial conditions

Fluid 1
a; = 0.999999, u,=500m/s, v;,=0m/s, p,= 1000 kg/m3, P,=1 bar,
y, = 4.4, T, = 6€8
a, =1le—6, u, =100m/s, v,=0m/s, - \'\6‘5_ .3, P, =1 bar,
v, = 1.4, .\%Q‘b‘
o
— Results X
500 I I I I 1 1 6$ ] 2.6 | | | | | | | | |
450 | &0:6\ - 24 - .
> 2.2 B .

400 QO& 1 - 0998 |-
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Under-expanded gas jets
GENTY

= Comparison with experiments (Colleoc 1990)

X (mm)
(43.0)

Nitrogen
P =180 bar

Jet submerged
into water

Nozzle \

(1,0
0,0)

~—
-
—_—

Experimental facility (Colleoc 1990)
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Under-expanded gas jets .
GE@ International

= Comparison with experiments (Colleoc 1990) Forum”

Experiment Numerical results

t=130 ms

t =260 ms

0.25 0.5 0.75
B Volume fraction of gas
° 1
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Under-expanded gas jets

= Comparison with experiments (Colleoc 1990)
Mach disk

Velocity (m/s)
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Profiles of volume fraction
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Under-expanded gas jets

» Gas jets submerged into sodium liquid in SGHE
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Hypothesis:
— Uniform size of droplets & bubbles;

— No fragmentation of particles owning to the shock
waves;

— Homogeneity of interface property;

— No turbulent model.

F.CHEN | 31/07/2019 | 33




Under-expanded gas jets .
GE@ International

= Gas jets submerged into sodium liquid in SGHE Forum:®
1200 600
—— Bi-phasic —— Bi-phasic
—— Mono-phasic 1 )
Mono-phasic
1000 550
—~ 800 500
g E
3 .
A Q
£ 600 2,450
42‘ o
= s
2 o
S 400 7400
. 350
300
0 0 1 2 3 4
0 1 2 3 4

Axial direction X (mm) Axial direction X (mm)

Localization of Mach disk is smoother for a bi-phasic jet in SGHE channel
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Under-expanded gas jets
» Gas jets submerged into sodium liquid in SGHE
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Volume fraction
Toam Bubbles are advected

throughout the channel

11|||\||lm

0.8
Further experimental
validation on IKHAR
2 facility in CEA
20 \V Cadarache

Provide the bubble
distribution for the acoustic
method to detect gas leak
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Conclusion & Perspectives
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Conclusion & Perspectives GE@ nternational

= Conclusion:
— A bi-phasic flow model integrating main physical phenomena of an under-expanded gas jet is
developed,;
— The model is implemented in a numerical tool CANOP, and its capability to reproduce different two
phase flow configurations is validated;

— The results of modelling of under-expanded gas jet in a SGHE channel are promising.

= Perspectives:
—Improvement of the interface properties (pressure & velocity) in function of different dispersed
phases (droplets & bubbles);
— Take into account the size inhomogeneity of dispersed phases;
— Experiment IKHAR 2 will be carried out to check the flow behavior in a channel;

— Experiment of gas jets in a SGHE collector.
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Thank you for your attention
Questions?
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Upcoming Webinars

29 August 2019 Lead Containing Mainly Isotope 2°®Pb: New Dr. Evgeny Kulikov, National Research Nuclear
Reflector for Improving Safety of Fast University “MEPhI,” Russia
Nuclear Reactors

25 September 2019 Gen-4 Coolants Quality Control Dr. Christian Latge, CEA, France

23 October 2019 Passive Decay Heat Removal System Dr. Mitchell Farmer, ANL, USA



