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Outline QAT

Karlsruhe Institute of Technology

Existing data at KIT for RAFM steels corrosion
Formation of metallic precipitates
Corrosion test results

Campaigns at 22 and 10 cm/s

Relevance of flow velocity for DCLL, 4

Modeling of corrosion/precipitation
Calculations and comparison with experimental data

Conclusions
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The HCLL (He-PbLi) TBM (and DEMO) blanket ﬂ("‘

Karlsruhe Institute of Technology

Corrosion of cooling and
stiffening plates by PbLi and
permeation of tritium from
PbLi into He gas

DEMO HCLL MAIN
FEATURES

2m X 2m modules
RAFM steel (EUROFER)
He (8 MPa, 300-500°C)

Liquid Pb-15.7Li (eutectic)
as breeder and multiplier

PbLi flow
velocity ~1mm/s

PbLi slowly re-circulating

(20/50 rec/day)
90% 6Li in PbLi

Pb-Li velocities in breeding
unit ~ 1 cm/s range

TBR = <1.15 with 550mm
Breeder radial depth

Lifetime 7.5 MWy/m?

. Rampal, HCLL TBM 2008
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Pb-15.7Li corrosion testing in PICOLO loop A\‘(IT

Glove-box

Sample exchange
: vessel

/ S

Magnetic trap

Test section

Flow meter

PICOLO - LOOP
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Karlsruhe Institute of Technology

Parameters of Pb-15.7Li Loop PICOLO
Test temperature: 480-550°C

Tmax in test section: 550°C
Tlow at EM-pump: 350°C

Pb-15.7Li volume: 20 litres

Flow velocity range: 0.01-1m/s
Test velocity up to 2007: 0.22 m/s

Loop materials:
Cold legs: 18 12 CrNi steel
Hot legs: 10 % Cr steel

Total loop operation:
at 480°C > 120,000 h
at 550°C > 30,000 h

Test conditions since 2011
Pb-15.7Li velocity 0.1 m/s

Compromise to laminar / turbulent flow regimes,
data for modeling and TBM requirements

Jurgen Konys




Experience from corrosion testing in QAT
PICOLO loop

Precipitation and transport behavior of corrosion products

Only rudimentarily data on transportation effects of corrosion products and their
precipitation behavior are available.

Only some small sections of PICOLO loop are analysed.
But high risk was detected for loop blockages due to precipitations.

New testing campaigns are extended to smaller flow rates towards mixed and
laminar conditions with more TBM relevance.

Formed and transported Precipitations in adherent Precipitations in the center of the
precipitations Pb-15.7Li scale magnetic trap parallel to field lines

1st EU-US DCLL Workshop | April 23-24, 2013 | KIT-CN, Karlsruhe, Germany Jirgen Konys




Experimental ﬂ(".

Karlsruhe Institute of Technology

after exposure

TEST SAMPLE Diameter: 8 mm
Length: 35 mm

[ i .

before exposure

12 specimens were
screwed together,
total length 420 mm

Durations typically
up to ca. 12,000 h
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Results of corrosion testing in PICOLO loop ﬂ(“‘
EUROFER steel exposed to Pb-15.7L1 at 550°C

- “high” flow velocit

Severe corrosion!!

500 h

1

!
l | 3000 h
I Homogeneous attack for long-term
1500 h exposure
CHEMICAL COMPOSITION OF INVESTIGATED STEELS (WT.-%) I
Steel Cr Ni C Mn \% w Mo Ta
EUROFER 8.82 0.02 0.11 0.47 0.20 1.09 - 0.13
OPTIFER 8.5 - 0.11 0.57 0.23 1.16 - 0.16
MANET 10.6 0.87 0.13 0.82 0.22 - 0.77
SRR E R F82H-mod. 7.7 - 0.09 0.16 0.16 1.95 - 0.02
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Results of corrosion testing in PICOLO Loop at

different flow velocities
0.7

AT

Karlsruhe Institute of Technology

S
o

at 0.22 m/s

® Metal loss at 0.22 m/s
A Corrected metal loss

¢® Metal loss at 0.1 m/s

S
o

Corrosion attack Ar [mm]
o o o
N w =

S
—

400 ym/a corrosion attack
for life time prediction

corresponds to
~ 4 kg Fe/m? a

~ 250 ym/a

"-.""I""I""I""f""l""l""

S
o

1year

0 2,000

4,000

6,000 8,000
Exposure time [h]

10,000
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Flow rate dependent corrosion of FM steels in QAT

P b - 15 . 7 L i Karlsruhe Institute of Technology
Temperature [°C]
450 500 550 600 650 700
1 0,000 E L 1 | L 1 i 1 | 1 1 L 1 |‘ 1 1 1 L | 1 1 1 1 | L 1 1 L | 1 L
] Experimental value for Eurofer 97
i in Picolo at 550°C: 400 ym/year 22 cm/s
i |
! . -
— 1,000 4 Experimental range ! 5 cm/s
(3] i for LAF steels in Picolo : '
g ] 80 - 100 pm/year
S— -
g_ 1
e 0.5 cm/s
w 100 =
@ s
— - New testing regimes
S 1 Experims + towards TBM's
il —
é’ in Picolo at 10 gm/s: ~ 300 p i 20 pym/year
: i
] I
: : Correlation by Sannier et al.
1 I ML= 8:10°exp{-25690/1.98T}-v°87%.d, 0125 [umlyear]
1 L) L] 1 I L] 1 L) L) I 1 L) L) 1 I 1 L) L) L) I L) L) 1 L) I L) L] L) L)
700 750 800 850 900 950 1,000

Temperature [K]
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TBM test conditions concerning corrosion ﬂ("'

Figures of merit for TBM/DEMO derived from PICOLO tests Keriruhe Insituta of Technology

Geometry of test section Picolo Geometry of TBM

Test sample, d,=8 mm

Gap with PbLi
flow

t=0 h: d=4mm
t=12,000 h: ca. 5 mm
V(Pb-Li) =0.22 m/s

Increase of gap width from
s=4 mm (t=0) to ca. 5 mm
after 1 year

Size of flow channel approx. 18 x 170 mm
(WxH)
Low velocity approx. Imm/s

Test section tube, d;=16 mm

The flow in pipes is laminar up to a Reynolds number of ca. 2,300 and it

becomes fully turbulent at a Reynolds number of e.g. 10,000.

Hydraulic diameter Picolo Hydraulic diameter TBM
dhyg = 4A/U =d - d0 = 2s dhyd = 4A/U = 4 (WxH) /2 (W+H)
dpyg = 0.8 cm dhyd = 3.25 cm
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TBM test conditions concerning corrosion ﬂ(“'

Envisaged Reynolds number for TBM Re = some 100 in accordance with Karlsuhe nsttute of Technology
MHD calculations of L. Buhler, KIT

PICOLO PICOLO PICOLO TBM
22 cm/s 10 cml/s 1cm/s 0.1 cml/s

Reynolds 22*0.8/ 10*0.8/ 1*0.8/ 0.1 *3.25/
Re= ug dy 4/vy 0.105 * 102 0.105 * 102 0.105 * 102 0.105 * 102
=(17.6 /10.5) = (8/10.5) *10¢ =(0.8/10.5) = 0.325/10.5 *
*104 = 7,620 *104 104
= 16,800 =762 =310
100<Re<1000
turbulent Main part laminar laminar
turbulent
Schmidt 0.105 * 102/ = 860 = 860 = 860
Sc=v,/D 1,185 * 10
= 860

Sherwood number for laminar flow in Picolo is assumed to be 3.66 “Inlet”
corrections have to consider the Graetz number: G=Re Prd/|
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Analyses of ITER-TBM tests vs. state-of-the-art [T

Karlsruhe Institute of Technology

Deficits towards ITER-TBM testing and modeling

Generally:
Quantitative corrosion-testing in dynamic lead-lithium eutectic at TBM- and
DEMO-relevant conditions

Detailed deficits and/or key issues:
Channel configuration different to all loop tests
Corrosion in TBM geometries and flow velocity profiles “unknown”
Influence of magnetic field on corrosion
Retention of precipitates inside of TBM
Effects of impurities in Pb-15.7Li on corrosion/precipitation
Composition changes of Pb-15.7Li during operation
H,-effects on corrosion and precipitation behavior
Effective purification system
Stability of barriers under TBM conditions
Validation of modeling tools and codes
Risk assessment for system blocking

Definition of activities for development towards DEMO
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Modeling of corrosion with MATLIM code for ﬂ("‘

700 /
600 | o | |

Turbulent
regime

N

o

o
T

Mixed
regime

[ Laminar
L regime

Experimental values

200 |

Dissolution rate d . [um/a]

Calculated dissolution rate

— Diss. rate turbulent regime
v Tentative diss. rate mixed regime
4 Tentative diss. rate laminar regime

0 5 10 15 20 25 30
Flow velocity in the test section v [cm/s]
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Simulation models of test section in PICOLO ﬂ("‘

Karlsruhe Institute of Technology
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Results of simultation of test section in PICOLO ﬂ("‘

Karlsruhe Institute of Technology

vilocitysmagnitude

01685
01626
01556
1 1487
01418
0.1348
01280
1240 Heater
01141

0.1072

0.100%

00934

00865

0O7ES

00726 emme i o e R
0857

00568

— 00518 =
:E;;g Test section with sample rod
0311

00242

Q0173

3?,5‘: Whole test section
with heater and HX

Flow direction

— | — s p—

Sample rod

W

Exit to HX

Center part of test section

Flow direction

Sample rod

Exit part of test section
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Conclusions and open issues ﬂ(".

Karlsruhe Institute of Technology

Conclusions

The corrosion rate of RAFM steels in PbLi depends strongly on temperature and flow
velocity. At "high” flow velocity (22 cm/s) and "lower” temperature (480°C), ca.

80 pum/year, whereas at "lower” flow velocity (10 cm/s) and "higher” temperature
(550°C), ca. 250 um/year can be reached.

Al-based coatings on structural components can minimize the corrosion attack in liquid
Pb-15.7Li up to 550°C very successful.

Modeling tools to describe the corrosion behavior of RAFM steels in flowing PbLi under

different thermo hydraulic and/or magnetic field conditions are available.
Open issues

Screening impact of impurities on corrosion issues

Testing under TBM relevant conditions with steep thermal gradients

Development of sensors and sampling systems for qualification

Validation of modeling codes by TBM relevant test values

Work on extrapolation towards DEMO
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