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SFR-LWR (design

SFR NEUTRONIC FEATURES

features) .\\J(IT

PWR NEUTRONIC FEATURES ™" """

® fission chain reaction sustained by fast neutrons, E,,~10keV ® dominated by thermal neutrons, E,,~25meV
® no need for neutron moderator (mean free path [~40cm) ® coolant as moderator (mean free path [~1cm)
® requires highly enriched fissile material (>>10%) ® requires low enriched fissile material (~5%)
8x10™ -
% x10% -
§ ex10" -
S 5x10"
e
T 4x10™ - SFR
S 310" -
SFR-FA 2 210" PWR-FA
~ 270 pins 5 gl PWR ~ 280 pins
D=7.0-8.5mm, 010’ =TT ‘m‘l{fﬁ\z”””{ e D=9.5mm,
P/b~1.2 X100 1x10"  1x10°  x10"  x10*  1x10°  1x10°  1x10°  1x10° x40 F/b~1.3-14

Energy (eV)

KEY FEATURES of FAST REACTORS

® higher flux (factor 10)
® higher volumetric power
@ fastin all views
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=®» material damage (+activation+transmutation products+...... )
=» high temperature gradients, higher core AT
=» (neutronics -many groups, TH- TM transients)

Institute for Neutron Physics and Reactor Technology (INR) @hj _:?



SFR-LWR (design features)
AT
SFR PWR

hot

plenum
cold _.| control

plenum

pump core IAX
® pool type integrated design (6 immersed IHX) m loop type (3-4 loops, external IHX)
® secondary loop (intermediate heat exchanger -IHX) ® high pressure
- IO.W pressure . ® |ow/medium power density
= high core power d.enS'ty . @ large active core height
m flat core small active core height
® large fluid upper/lower plena ® small plena
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113
SFR-LWR- The ,,core Main differences ﬂ(IT
constitutional volume fraction [%] mm of SFR vs PWR

Karlsruhe Institute of Technology

nuclear fuel 37 30
coolant 35 60 % low thermal capacity
steel 24 9
void 5 1
‘geometry [mm] | SFR_| PWR _
active core height H 1000 4000
pin diameter D 7.5-8.5 9.5-10 = tight lattice wire wrap HEXCAN pad
pitch/diameter P/D 1.15-1.2 1.3-1.4 © PHENIX bundle / /
height/diameter H/D 100 400 =
‘operational parameter | SFR | PWR _
pressure p [MPa] 0.1 15.5
core inlet/outlet temperature T,, /T, [°C] 395-540 285-315 reflector  upper plenum
core temperature rise AT [°K] 145 30 =% large temperature rise
volumetric power density ¢ [MW /m3] 300 100 = high volumetric power density
avg. linear heat rate q* [kW /m] 28 16 % large surface heat flux q“
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SFR- Why is the core temperature relevant ?

SKIT

Karlsruhe Institute of Technology

® in contrast to PWR neutronic feedback does not only depend on Doppler+ and coolant density

® thermal changes
=» thermal expansion of structures
= Impact on reactivity (+ or minus)

® most relevant ones

® fuel expansion (-)
clad expansion (+)
diagrid expansion (-)
strongback expansion (-)
vessel expansion (+)
CR driveline expansion (+ /=)

6 March 22, 2021 Robert Stieglitz
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Neutronics

power

_ flux
Displacements

Fluid Dynamics
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CR=control rod expansion
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SFR-PWR -Thermal hydraulics-fundamental equations

& dimensionless quantities _\\J(IT
® Conservation equations ® mass V- =0
du 1 N
® momentum —=—-Vp+ f+v V27U
dt P
dT A U
® energy — VT +— .
dt  pc, PCp
Force / energy quantity Dimensionless quantities* Ratio Xy,/Xn,0
® inertia u (0u/0ox) ® Reynolds number Re=(ux)/v 2.31
® pressure (1/p) - (0p/0x) ® Weber number Wb = (pu®x/o) 0.25
® visocsity v (0%u/0x?) ® Grashof number Gr = (g B AT x3)/v? 0.21
® gravity g é ®m Richardson number Ri = Gr/Re? 0.04
m surface tension a/(p x?) ® Froude number Fr=u/\/gL 1.00
® buoyancy (g AT) ® Peclet number Pe = (puxc,)/2 0.0025
® heat conduction  (1/p) (9°T/0x?) ® Prandtl number Pr = (vpcy/4) 0.0011
® heat convection  (c, u) (9T/dx) = Fourier number Fo = (x2pc,)/ (A t) 0.0025

*assuming same u, AT

7 March 22, 2021 Robert Stieglitz .
(meaning same reactor)
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SFR-PWR - thermo- physical quantities &
their impact in reactor applications \‘(IT

Karlsruhe Institute of Technology

® thermo-physical quantities ® dimensionless numbers in reactor core *
quantity mm_az- m-m-mz-
kg/m3 694 5-10° 4-10*
v c 107 /S 1.19 27 Pr 0.907 0.007
¢ J/(kgK) 5920 1260 a Ri 3-107 0.08
A W/(mK) 0539 62.9 kr 31 31
4

8 =(1/p)dp/dT 1/K 3.53 0.282 pPe 4.6 -10 100
a - 107 m?/s 1.31 617.8 Gr 6.2 -101° 2-10°

@ nominal operation conditions for SFR core @ transient conditions of SFR

® fully turbulent (Re > 10%), ® mixed convection (Ri > 0.2),

® forced convective flow (Ri < 0.2) ® thermal stratification

w tight lattices (P/D) — strong secondary flows

8 March 22, 2021 Robert Stieglitz assuming 1000MW,, class Institute for Neutron Physics and Reactor Technology (INR) @Lj _:?



SFR-PWR - Prandtl number challenge

v
® Sodium Pr = - ~ 0.007

® separation of length scales

=/

® viscous scale s 1
(e.g. boundary layer) [ /Re
f
Otn 1
® thermal scale ~ /
L RePr
! N\ linertial transfer s I N\ [inertial transfer
10> scale -5/3 é 10> | N\ scale-5/3
® separation of spectral scales ) & . = I - NS
- 2 Q é S~ X
. . .. 3 & 0 ™ ™ =
® viscous eddy diffusivity (v “EIO : O\ ¥y =10 \<r 1
(smallest scale: Kolmogorov) € 0 ; I 4 10.6’ \\ N
[y 5 ZIA Ry AN \
3 \% ; N\ \
10 10 +—Pr<<1
! : R N
® heat diffusivit ~—
y Len pr3/4 10" 1 10 10° 10" 10° 10" 1 10 10° 10° 10°
al[l/m] al[l/m]
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€ =viscous kinetic energy dissipation

Institute for Neutron Physics and Reactor Technology (INR) @h; 2



Thermal-hydraulics in reactor applications” ﬂ(".

a Core

® Fuel assembly

® Inter wrapper flow

® Flow conditioning (inlet)
® Boiling

® Stratification (FA outlet)
Pool

® Thermal striping

® Mixed/buoyant convection
® Flow mixing

® Solidification

Loop dynamics

® Multi-scale models

stitute of Technology

10 March 22, 2021 Robert Stieglitz * referring to pool type reactors Institute for Neutron Physics and Reactor Technology (INR) ?hé! 2



Thermal-hydraulic modelling-General ﬂ("‘

D N S Karlsruhe Institute of Technology
Problem adapted solution approaches ,

® CFD- Class solutions

® Direct Numerical Simulation (DNS)

® Large Eddy Simulation (LES) = — 3-D
® Reynolds Averaged Navier-Stokes method (RANS) ; o
® Reduced Order Modelling (ROM) g
3 E
® System-Thermal-Hydraulic-Simulation ] S
® Sub-channel approach S £
m Nodal system codes %. 1.5-D &
® Handbook equations > 3

Nodal approaches 1-D

. Handbook Equations 0-D

© adapted from F. Roelofs

1" March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @h; 2



Thermal-hydraulic modelling-CFD class AT

H H H H 113
Ap proaCh Of 44 hlgh f'dellty SOIUtlons Karlsruhe Institute of Technology

® DNS y3 %
® Resolution up to smallest eddy scale - Kolmogrov scale [~ <—>
=» ,.quasi exact solution“ ¢
® high grid resolution requirements
® spatial resolution h (scales L to beresolved) N -h > 1L
but down to [ requiring h <[
» requiring mesh elements N3 > Re'?/*

® temporal resolution to capture vortex ¢ = (u'-4t)/h < 1
total time interval t=L/u
and number of time integration steps L/(LC)

= total number of integration steps % — Re'3/4

® No. of operations mandatory ~Re’3

v= kinematic viscosity
e= rate of kinetic energy dissipation

® DNS limited to small problems
® periodic boundary conditions (!) ® applicability
® Reynolds number poses large computational constraint, but

® indispensable for RANS turbulence model development Shams et al. (2015)
N= number of mesh points Re' = Reynolds-number turb.scale D
12 March 22, 2021 Robert Stieglitz C= Courant number u'= turb. Velocity r Neutron Physics and Reactor Technology (INR) @hi <

L =length scale of problem h= spatial resolution



Thermal-hydraulic modelling-CFD class

Approach of ,high fidelity solutions*
m LES
® relying on self similarity (large eddies = f (geometry))

® smaller scales are quasi-“universal”
(treated by sub grid scale model-SGS)

® introduction of filter function
=» decomposition of velocity field U = Uu; +u;
® causing virtual turbulent viscosity v;

Ri =0.338 12

- _F
Ay ==b

el 10

LES vs. DNS
® reduced spatial resolution h~Reand h~L
®m Courant number constraint remains
® knowledge on dissipation mandtory

u/Uy,

].25I1_2

0.8

NOTE:

® LES for low Pr-fluid (sodium) is quasi DNS
if SGS-model dynamic respecting thermal scales _ T , _
Vertical backward facing step for Ri = 0 and Ri = 0.38

® be aware if AT > 30°K (SGS-model!!) (Niemann et al. 2017, 2018)

13 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @hi 2



Thermal-hydraulic modelling-CFD class ﬂ(".

(U-)RANS Modelling —the working horses of CFD Carbruhe Institute of Technology
® |dea — Momentum field ® spatial resolution similar as LES for
® decomposition of velocity u; (x;, t) = u(x;) +ui(t, x;) low Re-models
3 ® temporal resolution at discontinuities
% virtual turbulent Reynolds-stress tensor  — (pu{u]f) Courant number (C) limited
x.
del tion (GDH 7 0t aﬁi
® model assumption (GDH): U U + e =eddy diffusivity of mass
(representation by mean flow) j = dxj i m (tensor )

B solution classes:

W“

m gradient models, eddy diffusivity
B mixing length mixing length
k—1 1

- k—ek—w, SST Cubic k — ¢, EARSM, 2 (3)
V2f

(2nd | RSM 6+2

GDH= gradient diffusion hypothesis

14 March 22, 2021 Robert Stieglitz L =length scale of problem h= spatial resolution r Neutron Physics and Reactor Technology (INR) @hi 2



Thermal-hydraulic modelling-CFD class ﬂ(".

RANS Modelling —the working horses of CFD Carsrue Institue of Technology

® |[dea heat
® Reynolds decomposition yields turbulent heat flux pcpu]’-T’

® introducing similarly an eddy diffusivity of heat wT' = g (a—T) ey =eddy diffusivity of heat

H )
0%j (vector !)
u'v’ dT /0y
® turbulent Prandtl-number — — .
Pr; = f(Re,Pr,y/R) 7T 3ujdy

edg.

L look-up tables local turbulent Pr;
mixed wall law algebraic heat flux 1+ (2)

approaches models (AFHM)
k—e—ke—ee,TMBF 4
® Reynolds Analogy: rmr i 9T &y OT assuming £y /Pr, = const., despite different
ujT = &y Sx:  Pre 9. statistics of u- and T — field, anisotropy
J ] (most codes use Pr, = 0.9)

15 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) ?hi 2



Thermal-hydraulic modelling-System thermalhydraulics

K

Karlsruhe Institute of Technology

® Most complex STH: Core —Treatment SA-wise

Approach:

® Meshing of SA
® Lateral direction
® triangular (A), rectangular shaped (), corner sub-channels,

® Axial direction 10

®  mostly equidistant -
® Power from neutronics ® Reconstruction of power distribution 5 0.8
N
S
ol

= 3 pins for A channel P,=3-1/6 P

pin,

% 2 pins for O channel P5=2-1/4 P,
= 31/6 P,, corner channel

active height [m]
Computations 1'/,-(2+Az)ﬁ
® mass conservation Vs, = Y. V;

0o 05 1.0

B
® flow/pressure BC v = Ai - dp, Vsa lateral
L transport
Li=1Ai- dfﬁl,i s N
Result s
m different flow rates in-subchannels V 5>V , ®consequence W /D adaption _ ﬁ
V.(2)

dy, =hydraulic parameter ™
16 March 22, 2021 Robert Stieglitz B=lateral exchange coefficient Institute for Neutron Physics and Reactor Technology (INR) ?F,J | 24

A;=cross-sectional area



Thermal-hydraulic modelling-System thermalhydraulics

AVIT

® Most complex STH: Core —Treatment SA-wise p-Vi(z+Az) 'T(Z"AZ)"‘
Approach: B/ @
m assume stable axial flow , /
C tati pin 1 .
omputations B T2 +T(z+ A2) b e .
® mean temperature T T = T i
2 Az :
® powerinSCP;: p — Z | Pij '/Bf K
m transfer coefficients between adjacent SC BY, transfer SC to boundary B? pin 3
. N i/ (Z)'T(Z)Iw
m energy balance ¢, -V (2)-(T(z+ Az) —T(2)) = P, — X4 BT, — T)- B2 (T; — Tpp)
Challenge: determination of transfer coefficients B;
® solution for border (thermal BC to solid boundary) B? = a - A - Az + P,
® lateral exch delled b ition of different effect SOLUTION:
ateral exchange mode ? y’superp.03| jon 0 | erent effects a Reynolds-Analogy (hydraulic
® heat transfer due to wires B, (by spiral flow motion) diameter concept) with
® heat transfer due to thermal conduction B,” (by spiral flow motion) g’o(g?ﬁrgigﬁ?;a”y determined
® heat transfer due to turbulent mixing B;" (dissipation effects) m correlations from experiments
o a=heat transfer coefficient _ _ SAID
17 March 22, 2021 Robert Stieglitz Pb=heat deposited in border Institute for Neutron Physics and Reactor Technology (INR) & rJ e
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Applications- CORE

Momentum transfer- SA : é_. X %3 f‘\;y
® Hydraulic benchmark e Oﬁ 1.50E-01
® 7/-pin bundle '&ﬂx ;:a L.OOE-01 -
® RANS vs. LES deviations max. 10% ‘i? = 5.00E-02 -
® streamwise velocity - ”5‘:;2*22
® cross-flow : ) oomor
ioo o i -1.50E-01 -
® KALLA A"
® 19-pin bundle w3

® Measurement vs. STH correlations

® Cheng and Todreas (1986):
RMS = 3.8%, all data within 8%

=» for skilled user STH is similarly good
as CFD (important for design )

18 March 22, 2021 Robert Stieglitz

SKIT

Karlsruhe Institute of Technology

Merzari et al. (2016)

——=ANL LES
== (;hent Univ. isotropic
NRG-1 isotropic

0.04r

0.038

0.036

0.034¢

0.0321

0.03F

0.028

0.026

0.024 -

0.022

===NRG-2 anisotropi

15 25 30

z/D

® Ap,
¢ Ap,
—Eq. (3)
. - - - +/- 10% deviation

Pacio et al. (2016)

Institute for Neutron Physics and Reactor Technology (INR) @hj _:?



Applications- CORE 5

Energy Transfer- SA

® KALLA Experiments
m Computational Mesh (4 - 107 solids 1.6 - 108 fluid)
® local Pr; Approach, Re = 3 - 10*

® |ocal deviations AT/T < 13% (end of length)
® Nusselt number deviation Nu~20% to CFD

Temperature (K)

m Nusselt number deviation tO 201 522.30 537.34 552.37 55710. 582.44 597.47 612.50 627.54
best correlation ~3% 181 il . ‘
others 20% 16 X_smiston

14
x X ® X
12 x X
3— 10 ! X X ’ [ ] X
< oo ®
8 2 ® x
® g N
Lot o °
o P » —— Ushakov et al (1978) 550 $
- = - Mikityuk (2009) x X
ar - - Kazimi and Carelli (1976) 540 1
Pacio et al. (2016) ® ML1.2/dh=11.5 °
2r # ML2. 2/dh=127.0 530 S|
. MLS‘ zjdh=1 ?3,1 L L L L L L L L 1 L L L L L L Il 1 I I £ £ i3 i3
T S EE LR LIRS PP

?00 200 300 400 500 600 700 800 900 1000 1100 1200 130
Pe, - Thermocouples at ML3

19 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @h; 2



Applications- CORE

® Energy Transfer- SA
@ Performance of CFD vs. STH
® 3 sub-channel grous,
m 46 cells planar, 128 axial ® ~6 - 103 cells

® STH predictions are in range of 20% as well !!!

600

580

lyr]
|
=
%
£ MESSAGE :
© T i . g .
g | ® CFD (by qualified used) accuracy of 10% for u —, T — field
E gk with high local resolution
Z ol Godlant temperaiure from smulation | ® |dentification of hotspots (recirculation areas)
s | ‘Rod temperalure from simulalion ® Lateral exchange coefficients
© o tt t t .. . .
2 0| Redtnpsctustion sgenent | ® Similar quality obtained for mean bulk values by STH
s (best agreement for Ap Rehme correlation, T —field and
§ 480 Nu — Kazimi-& Carelli ) requiring experienced input, lot of
1 2 3 4 B pre-emptive know-how
Radial mesh No. 5 (2017) ® What about mixed & buoyant convection ?

20 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @h; 2



Applications- CORE -conclusions

WIT

a
® some comments on SA _bundle flows Overview of experiments for fuel assemblies with wire wraps
@ Sparse data matrlx for Sodlum Experiment Fluid No. of Pins Re
i 1 1 1 1 Collingham et al. (1970) Sodium 7 5000-50,000
- .even p_oorer In COﬂJUﬂCtl?ﬂ Wlth wire .WrapS Fontana (1973), Wantland Sodium 19 n.a.
® inconsistent documentation of experiments et al. (1976) _
(power balance, flow state —forced —mixed-buoyant) Gihiee weal (FH7R] AIr % SHOG= 15,000
. . . Lorenz and Ginsberg (1977) Water 91 9000-24,000
® low degree of instrumentation, poor consistency Chiu (1979) Water 37 3000-14,000
: s Fenech (1985) Water 61 100-11,000
® contradictory measurement data (limited to scalars Reidtetal, (1360; Jirw B e
suchasp,T) Engel et al. (1980) Sodium 61 500-15,000
: H Chun and Seo (2001) Water 19 100-60,000
=» both CFD & STH quality depend essentially on USER it sl (000 il S TG 0d
know-how McCreery et al. (2008) Mineral 0il 7 22,000
Sato et al. (2009) Water 7 6000
Tenchine (2010) Air 19 3000—28,000\
® Benchmarks on SA -bundle flows are rare Prakash et al. (2011) Water 217 75,000
® mandatory to proof local flow distribution extracted from Roelofs et al. (2015)
= air water sufficient (Kamide, 2016) [Experiment system |

=» without ,healthy” u-field satisfactory acceptable T-field
not achievable

® improvement of local measurement techniques in sodium
= spectral quantities of T-field to get data on T'2 and ezr
= evaluation of onset of transition of flow regimes
(forced—mixed convection- mixed — buoyant convection)

=% well posed benchmarks required

E]CCD camera

Kamide et al. (2016)

21 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @hj _:?



Applications- CORE -conclusions ;
® a clean experiment requires evaluation of buoyant effects | °*® ™ s
e.g. analysis by dimensionless quantities Y = Gr/Re? f - o
(according to Jackson (1983) onset of mixed convection : 4 g TR
occurs if Y = 2-1073) T T
=» well documented mixed& buoyant experiments absent ! (_;, - = R
® improvements require closed definition of benchmarks by T _._' _,_“’"::‘*0'=
model developers&simulations AND experiments ol e i R
(starting already in the definiton of the experiment along [ .
preparation, up to execution & analysis) ® Wi Zoh=115
| Fre=s

T l
3.5 4 4.5 5
4

Many aspects not adressed in this context

® impact of pin deformation on flow field

® flow induced vibrations

® inter-wrapper flow (sodium-Kamide, 2001- LBE- Pacio 2019)
@

flow blockage (partial, total, porous =® sodium-Raj Velusami,
2016, LBE-Pacio et al. 2018)

® sodium boiling (as it may occur in ULOF — Khafizov et al.
20195)

flow blockage inter-wrapper- flow

22 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @Lj _:?



Upper plenum

Applications- Pool

® Relevance for reactor licensing

® normal operation
®m thermal inertia (ramp-up/shut down)
® reduced power
® particle/gas transport

® operational transients
® component failure (pump, HEX)
® loss of flow (LOFA
® loss of heat sink (LOHS)
® decay heat removal (DHR)

® Thermal-hydraulic issues
® core coolability
®m Heat transfer, Overcooling (freezing)
® Transient flow behaviour, natural circulation
® structural loads
m thermal stratification/thermal fluctuations
®m flow mixing, flow separation

Heat
Exchanger ||

Thermal fatigue

Above Core
Structure

™~ Gas entrainment

T Transient
“\ thermal stratification

[T~ Above core structure
behaviour
h"“-....__ ™ Thermal fatigue

™~ Temperature
measurements

[ Permanent

l thermal stratification
' (Tenchine, 2010)

Lower plenum d 7080

I 661.8

(Raj, 2016)

639.7
617.6
- 535.5
573.3
551.2
= 5231
507.0
484.9
462.8
440.7
4185
396.4

m flow induced vibrations /
®m coolant level fluctuations -
® Gasl/vapour/particle transport

® gas entrainment/fission product transport (Velusamy, 2010)

23 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) @Lj 9



Top
wall

H H T.Schaub me U Knebel (1994)
Appl |Cat|0n5' POOI (31st March 2021) 51

solution strategy

® separate-effect tests (numerical+experimental)

® referring to single physics phenomenon
(e.g. mixing, thermal striping, flow separation,.....)

® intensive instrumentation/ refined meshing L
=®» model tuning/improvement, transport characteristics

i Iniet |

m scaled integral test (requiring experiment) tl%-
® Combination of phenomena in scaled set-up "
®m Utilization of dimensional analysis (model fluids) bl
= interaction time scales (STH- CFD coupling)

; © CIRCE @ ENEA

@ prototype experiments w/o reactor

® prototypical conditions (length scales, fluid,
mimicing feedbacks, active components

® limited instrumentation,large effort
=» reliable, extrapolable scaling # licensing

IAEA-PHENIX-benchmark EBR-Il Sodium
24 March 22, 2021 Robert Stieglitz Institute for Neutron Physics and Reactor Technology (INR) ?hi 2



Applications- Pool —separate effects (SE)

WAJECO & PLAJEST £
(Kobayashi et al., 2015, E
Tanaka 2016, and Yu 2017)&

Thermocouples

L~ Tree

Thermal mixing of cold & hot jet (Water vs Sodium)

® two hot jets neighboring cold jet

® relevant dimensionless quantity —densimetric Froude number
Fr=(M -u)/(B-d)
Fr > 103 inertia dominate, Fr ~ 400 mixed, Fr < 100 buoyant)

® simulation: LES (1.2 - 107cells), URANS (3 - 10°cells), RANS (3 - 10°cells),

Partition
Plates

WAJECO (Water): 170 mm

20mm 4 PLAJEST (Sodium): 130 mm
Fr ~ 600 ;2 » sodium :'mmm) - _ water
® good agreement of sodium & water experiments (z/D = 5) §Ej ‘ Tl
for mean (@/%,) and fluctuating velocity part (u' /%) gm oy
m self-similarity of momentum profile (coincides with Knebel 1994) o0 @ ,
0.2

m qualitative and quantitative agreement of mean temperature (T)

viD

with LES for both water & sodium

12 | (T-T)/AT: © Exp.

—LES

TIAT: A Exp =—LES

® as expected about 25% less temperature fluctuations (f’/A?z")
in sodium compared to water, but

good qualitative & quantitative agreement

is now all fine ?

25 March 22, 2021 Robert Stieglitz

Momentum flux M = [(u? —uZ)dA
Pa_P(T) dA

nl(T

Buoyancy flux B =g [

viD

yiD

A (7-7)/4T: © Exp.

-l ES
TIAT: A Exp =—LES

A
25 5
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Applications- Pool —separate effects (SE)

Thermal mixing of cold & hot jet (Water vs Sodium)

® two hot jets neigboring cold jet (Fr =~ 600)

® spectral behaviour of temperature fluctuations (f’/ATz‘)

shows already at small x/D significant deviations

10 10

1 sodium 1 water
0.1 0.1
=) )
.01 0.01
e ?
0.001 0.001
—x/D=4.5 —x/D=4.5
0.0001 —x/D=0.025 0.0001 —x/D=0.025
—x/D=-0.0125 —x/D=-0.0125
0.00001 0.00001
0.001 0.01 0.1 1 0.001 0.01 0.1

St 37 St
® downstream deviations experiment vs. simultation
for temperature grow
(not to be compensated by increased simulation
mesh number)

@ temperature field in mean distribution captured by

LES, RANS, URANS) with accuracy of 15-20%

26 March 22, 2021 Robert Stieglitz

Thermocouples

L~ Tree
WAJECO & PLAJEST

=
(Kobayashi et al., 2015, &
Tanaka 2016, and Yu 2017)&

Partition
Plates

WAJECO (Water): 170 mm
PLAJEST (Sodium): 180 mm
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Applications- Pool —separate effects (SE)

Thermal mixing of cold & hot jet (Water vs Sodium)

® Two hot jets neigboring cold jet (Fr ~ 600)

® exact calculation of momentum field essential

Thermocouples

L~ Tree
WAJECO & PLAJEST

(Kobayashi et al., 2015,
Tanaka 2016, and Yu 2017)

685mm

Partition
Plates

WAJECO (Water): 170 mm

0.2 20mm 4 PLAJEST (Sodium): 180 mm
1.1 {;«*a\_ ® but still temperature fluctuations (eddy diffusivity
| Sy
g - by 2k of heat not captured fully 15-20%)
'S o - Sy i ® unfortunately no measurement error
; -l.r.-'-!ﬁ.:lE- - ' 0.4 -
0.2+ LEE
Exp
B T W &— LRANS :
0.5 .24 0,05 .10 LES [ S
ym I Exp [ LR
3 0.2 i L
® use of LES improves congruence of exp./sim. considerably !!!! I~ | i
m SE —test indispensable to identify order of magnitude 3l :
deviations likely to occur, thus g = X Na
u allowing CFD tools to act credibly for full pool simulations e ey P % =

with assessments for DESIGN & SAFETY !l
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Applications- Pool — coupled STH -CFD
AT

strategy to calculate multi-scale phenomena (adopted from LWR's) Karlsrube Institute of Technology
® decompose reactor in several domains to be treated by different tools Pucciarelli et al. 2021, Zhang 2018
® external loops treated —
1D STH tools g
(RELAP, TRACE, CATHARE,ATHLET, ASPEN,......) ¢ ,
® provision of boundary conditions (p, T, Q) g :
and time scale At 1 A —— G S o 55 | I .-~
® depict core internals as much as Coupling | [imine ] - [mie]|  [ofame]
possible by reduced order models ; S :
® porous body modelling of § R : e : e
e.g. HEX or core (to account for 3D flow) 2 || smenvoniation [t Time Ste3s ! |vime steps Sthoydine
® subchannel analysis of SA flow 8 = ' :
1,5D to attain correct N-TH feedbacks S [Parstel] ~ [seauenti] } (o] [ocavennal
® pumps as momentum source | 1T - O ——  SORN—
( Ap’ VortICIty W — InVISCId approaCh) E Spatial Domain : Overlapping Decomposition : Overlapping ] Decomposition]
¢ | I
o - 1
E Numerical Scheme : [Fullylmplici(] [Somi-lmplcit] [ Explicit ] : Semi-lmplicit] Explicit ]
. : Highly Specialized ] Ductile
® reducing 3D problem to the free pool only by CFD srong Conting kdeanloe

® evaluate appropriate coupling scheme STH & CFD
(code hierarchy, synchronisation-communication, domain treatment, numerics)
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Applications- Pool — coupled STH —-CFD

Example : E-SCAPE (European — Scaled Pool Experiment)

®m Translation real world = coupled STH + CFD

£
Natwral Grodaton
bearch

Forced Croulataon
branch

#§C

Van Tichelen, 2015

m Reduction of required meshs from min. 108 % 10°

i

—
Core

TITIT}

Toti, 2018

® capability to run transient (,,high fidelity*) but at least trustworthy simulations

SKIT

Karlsruhe Institute of Technology

B-loop

&

CFD
Domains
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Applications- Pool — coupled ST

Result for E-SCAPE-Identification of

® |ocal design hot spots
by flow pattern analysis

m critical time thresholds (flow reversals)

during a transient

=» design optimization
=®» improved intrumentation

L

t=00s

1=260s

Upper plenum temperature field evolution for a selected vertical section (LOFA) m Many other examples (e.g. for facilities as TALL, NACIE -

1=86.0s

|

:"rr

t=1006.0 s

AERREEeRer

t=186.0 s 1=386.0 s
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i

H-CF

t SKIT

Karlsruhe Institute of Technology

Above core structure temperature
distribution 300s after LOFA

Temperature (C)

¥ [— Core STH— CFD
- Bypass STH - CFD

- Core STH
~  Bypass STH

0 100 200 300 400 500 600 700 800
t[s]

Mass flow rate in active and bypass region

of core simulator during a LOFA transient

LBE , Phenix, EBR-Il sodium real reactors)
(see Tarantino,2020)
NOTE:
® identification of all phenomena still indespensibale
® many coupled phenomena are still lacking of
benchmarks need to be defined
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Synopsis _\X‘ (IT

Karlsruhe Institute of Technology

® Significant progress has been achieved worldwide in understanding of LM thermalhydraulic
phenomena due to

modelling improvements (AHFM, RSM, numerical schemes, coupling procedures)

enhanced collaborations (R&D Centers with Universities, within Europe — EU programs, worldwide through
OECD, IAEA)

synergetic cross-fertilizing actions of SFR and LFR(ADS) communities

increasing computational power

advanced instrumentation

® CFD —Thermal hydraulics

advanced understanding of complex steady state problems with high degree of confidence (forced
convective, mixed convective and buoyant flows-partially) in range of 10-15%

significant gaps still existing in flow separation, onset of transitions (bifurcations), free —surface flows
confidence level sometimes exceeding 25%

Intelligent single effects as well as intelligent integral effects benchmarks (numerical, experimental and both)
need to be expanded. CFD guidelines have been elaborated ® establishment of benchmarks mandatory

® Coupled STH-CFD

31

getting more and more a reference for transient analysis.
validation require benchmark library for a set of scenarios (best: in-pile, but also out-of-pile) preferrably with high
instrumentation degree # need for establishment of a library and OECD group
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