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Introduction

European Lead-cooled System (ELSY)

Electrical power

600 MWe

Design of the primary
system

Pool type

Thermal efficiency

~40%

Primary Coolant

Lead

Core inlet temperature

400 C

Core outlet temperature

480 C
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Introduction
Problem and purpose

\
NG

- Neutronic and thermal-hydraulic analyses of the ELSY reactor core
during operational conditions.

I. Determine the lead temperature based on neutronic and thermal-hydraulic
analyses to check whether the design criterion is fulfilled.

ii. CFD analyses of the flow in- a single sub-channel and between fuel-
assembly to provide feedback to the sub-channel analyses codes in terms
of the heat transfer correlations.
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« Analyze the power distribution in the ELSY reactor core based on the neutronic
Investigation

Strategy

- Employ an average power per rod based on suggestion from the neutronic analyses
for the thermal-hydraulics investigation

« For the neutronic analyses:
By using and comparing deterministic (ERANOS) and stochastic (MCNP) codes:
definition of suitable zoning to flat power/FA distribution
- evaluation of the enrichments

- evaluation of the BU swing and regulating/control/scram absorber redundant
systems

- power distributions
- performances

* For the thermal-hydraulic analyses:

— Use of a suitable turbulence model (based on literature review and an in-house
validation campaign)

— Influence of computational domain

— Determine the flow and temperature distribution in:
—> a single sub-channel
- between fuel assemblies.
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Neutronic analyses of the ELSY reactor core
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Positioning of the FARs

- The 38 green ones are devoted to the compensation/regulation and
to the scram

- The 32 pink ones are devoted to the scram
- The 8 CRs are devoted to the shutdown and scram

In normal condition only the 38 green FARS are operating.
They are used in such a way to improve the flattening of the power/FA distribution
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ELSY core

Core enrichment zoning E"'E’.\

FA Pitch 294 mm
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Bi1 1 | B112 | B11.3 | B11.4 | B115

Pb
Void +3.3%SS S PuO,VF| Pu/(U+Pu)
Pu Enrichments FAs 2

[%0] at.% wt.%
Inner Zone 56 14,00 14,45 14,54
Intermediate 50 17,00 17,53 17,63
Outer 56 19,90 20,50 20,61
Core average 162 16,97 17,49 17,59
10
Batt - Different enrichment zones allow

the possibility of power flattening in a
fuel assembly.

B3 11

B2_11

Al_1/2 | Al_2/2 | Al_3/2 | Al_4/2 | Al_5/2 | Al _6/2 | B1 11/2
I:I Fuel Inner (Am_n) I:I F. Intermediate (Am_n) . Fuel Outer(Am_n)

14,0/ 56 17,0/50 19,9/56 PuO, VF I N. FAs

B4C CR (CRm_n) I:I Pb + 15%SS Barrel (Bm_n) . Dummy (Dm_n)
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—> Flattening of Power/FA distribution at the end of cycle is achieved in the inner and
intermediate zones (indicated by colors as in slide 11).
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- The “radial” flattening has been optimized, by enrichment zoning, at EoC
configuration (pink); the consequent worst (blue) distribution at BoC will be
improved by a suitable choice of the FARs, used to compensate for the swing (900
pcm)

- The employed mean rod power in the thermal-hydrauli analyses is acceptable in
the inner and intermediate region with flattened power/FA distribution.
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Feedback to thermal-hydraulics ENEN G

From neutronic analyses

(source: Artioli et al. 2008)

Used for the thermal-hydraulic analyses

Thermal power 1500
Active core diameter 4.65
Core height 0.9

H/D 0.19
Fuel mass 42.5
Number of Fuel Assemblies 170
Mean assembly power 8.82
Mean rod power 20.62
Radial power form-factor (allowed) 1.2
Coolant inlet temperature 400
Coolant average outlet temperature 480
Lead bulk-velocity 1.5
Pressure drop on core (expected) <0,1
Clad maximum temperature (expected) 550

S ALMA MATER STUDIOD W
5 UNIVERSITA DI BOLDGNA

MW
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MW
kKW

°C

°C
m/s
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-> The power distribution/FA resulting from the neutronic simulations was
simplified (by making it uniform) and applied to the thermal-hydraulic

simulations.
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Thermal-hydraulic analyses of the ELSY reactor core
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Single sub-channel analyses
Computational model

Considered sub-channel (SQUARE arrangement) in computation

HeLiMeRT I, 20-22nd April 2009, Belgium 17
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Single sub-channel analyses ENEN AR o en sromronon N
Computational model & N\G

« Computational Code: CFX-11

« Geometry

- ELSY rod bundle

- Length =900 mm

- Diameter of tube =10.5 mm

- Pitch-to-diameter ratio ~ 1.32

- Hydraulic diameter = 9.155 mm

Periodic boundary
> \Vall

e Boundary conditions

- Inlet: Uniform flow velocity of 1.5 m/s
- Inlet: Fluid temperature =400 C

- OQutlet: Zero [Pa] static pressure

- Walls: Uniform surface heat fluxes for the given average power (see
slide 15)

e Working fluid:
Lead with recommended properties as a function of temperatures
(from OECD handbook)

e Pitch-to-diameter ratio

- Numerically the ELSY fuel rods are additionally arranged with
pitch-to-diameter ratio of 1.1 and 1.2 for heat transfer analyses.
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Single sub-channel analyses
Results:

Secondary flow, vorticity

and temperature at outlet

Counter rotating
vortices

Flow field: velocity vectors and vorticity

ST¥IE \
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N

'5;7.'0.000
513.571

507,143

500.714
494.286
487.857

481 429

~ . 475.000

Temperature field [°C]

—> Counter rotating pairs of vortices are observed in the smallest gap between fuel rods.
These were also observed experimentally by Vonka (1988)

- The outlet temperature of lead in the bulk flow is in between 475 C to 500 C.

- The maximum lead temperature near the surface is close to 520 C.
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Single sub-channel analyses
Results:

Heat transfer correlations

(source: Mikityuk (2009))

R R R
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18 ‘db
135 //V—/y*
e /
Nu 9 L/ —— Computed: CFD for o lattice
—6— Ushakov, A
4.5 - —A— Graber, A
. —+— Zhukov, O
0 —%— Mikityuk, A, o
1.1 1.2 1.3
Pitch-to-Diameter ratio

- Zhukov correlation is recommended for the square lattice of a bare and

liguid metal cooled rod bundle
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Inter fuel assembly T-H analyses
Computational model: Small & Large domain

13.9

@eéeeeeeeg

000000000 eggggggggsli
[elelelelolololeleleleTeloleloleY ooy oYl
DOORPOOOOOOOOOOOOOOOO
[clelelelelelolelelelelelolelolofelolele]
s ettt ree st il
oletetoletotoletooltotole fotoletogole CICICICICICICICIOICIOIO [OICICICICICIOICIS
888855800380306860336- 809900909 852385, 4 —— - - - £---- ORI OPPOOOIOOIOOOO®
888388863898683883888 99c08000083T0000 0000 cloteYolelololclelelole [olelelelolclclelo)
[elelelololololclole) [clelelolele) ) )
885258885838832888888 Seesessssnsasssessss | POPOOOOORJPITOOOOOOD
0888088007 3855666558- 06005 000006006060000 2PPOPOOOOOPPPOIOOOOOOBOF]
sgasceses oosessstnsssessnl v 2ot ZPOPOO000000000000007
[clolslolololo)
§§§§§§§§§ 7 : OPOHLPOOOOOOPOOIODIOOOOO®® "
R S :\ OPOPOOOOOOPOROOOOOOOOO——
!
5605899008 0665668 90090000006000000000: DOOOOOIOOIOOIDIODDOOODODO—
_______ Y___.
8833883881 123233823 el te Tt e e Yo Yo Re Ye Yo te Yo e Te e Tete Te |
[elelelelelelelelel el [elelelereren]
[clelclololololelolc) [clclelelolenl
[clelelelolololelelc) [clelelelelell
[clclelelolololclole) [clelelelelell
[elelelololololelele) [elelelelelen)
ORCROOROOL OOROBO!
[elelelolololololola) [cleleleleleNl
[eleleletololelelole) QOO
2000000000 [clelelelelen

Selected computational domain
Arrangement of ELSY FA (Small & Large)

Table in previous slide shows that:

Assembly Pitch (Center-to-Center) = 294 mm.

The total breadth or width of the square FA = 291.9 mm (shown in figure 2).
Narrow smallest gap between two neighboring is = 2.1 mm (294-291.9)
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Inter fuel assembly T-H analyses L N,
Computational model: Small domain m &hm A N\G

Wall

« Computational Code: CFX-11

« Geometry

- ELSY rod bundle

- Length =900 mm

- Diameter of tube =10.5 mm

- Pitch-to-diameter ratio ~ 1.32

- Gap between rods of FA =5.5mm

FA

Gap between
rods of FA

Periodic
b.c.
e Boundary conditions

- Inlet: Uniform flow velocity of 1.5 m/s
- Inlet: Fluid temperature =400 C
- OQutlet: Zero [Pa] static pressure

- Walls: Uniform surface heat fluxes for the given average power (see slide
15)

e Working fluid:

Lead with recommended properties as a function of temperature
(from OECD handbook)
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Inter fuel assembly T-H analyses
Computational model: Large domain
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« Computational Code: CFX-11
FA
« Geometry

- ELSY rod bundle

- Length =900 mm

- Diameter of tube = 10.5 mm

- Pitch-to-diameter ratio ~ 1.32

- Gap between rods of FA =5.5mm

Gap between
rods of FA

FA

Periodic b.c.

e Boundary conditions
- Inlet: Uniform flow velocity of 1.5 m/s Wall
- Inlet: Fluid temperature =400 C
- Outlet: Zero [Pa] static pressure

- Walls: Uniform surface heat fluxes for the given average power (see
slide 15)

e Working fluid:

- Lead with recommended properties as a function of
temperature (from OECD handbook)
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Inter fuel assembly T-H analyses

Results:
Fluid temperature ( C) at the outlet

w

Large domain Small domain

—> Calculated temperatures for small and large domain at the outlet are practically same.
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Inter fuel assembly T-H analyses
Results:

Cross flow colored with its normalized
magnitude for large and small domain
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At 200 mm from inlet
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Inter fuel assembly T-H analyses

Results: Cross flow colored with its normalized

N3G

At outlet
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Inter fuel assembly T-H analyses G s matsr sTupioRUM
Results: Flow Development Em & N\G

v

- Flow develops along axial direction of bare rod bundle — cross-flow
reduces
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Conclusions ENEN @0 somrsrvmon ﬁ RG

* Neutronic analyses of the ELSY reactor core show:

— Possibility of getting a flat power/FA distribution in such a way to have a corresponding uniform coolant
Tt IN the wrapper less option.

— Uniformity is kept within acceptable limit despite the distribution drift along the sub-cycle. Moreover the
uniformity can be improved by an appropriate use of the innovative Finger Absorber Rods.

«  Thermal-hydraulic analyses of a bare single sub-channel show:
— Highest lead temperature at the outlet close to the heated rod is 520 C

— Counter rotating vortices at the smallest gap between fuel rods are observed. These were also
observed in an experiment from Vonka (1985).

— The ZhukoV’s heat transfer correlation is recommended for the square lattice of bare and liguid metal
cooled rod bundle.

«  Thermal-hydraulic analyses of small and large domain for inter fuel assembly (bare) cross flow show:

— The highest outlet lead temperature at the smallest gap between two heated fuel rods is close to 520
C for both the small and large computational domain. This corresponds to that of the single sub-
channel analyses.

— The lowest outlet lead temperature is observed in the largest gap between two consecutive fuel
assemblies

— The highest inter fuel assembly cross flow is of the order of 1% of the maximum axial flow near the
inlet.

— The inter fuel assembly cross flow decreases from inlet to outlet. This can be attributed to the flow
development towards outlet from inlet.
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