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1. KIT-interner Workshop zur
Wasserstoff-und Brennstoffzellen-Forschung

Main issue: Experimental determination of diffusion constant and
Sieverts’constant, currently for FUSION, endothermic RAFM steel
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Open FOAM results of two isotops (H+D)

Q-PETE 316L membrane permeation 400°C: left: 420Pa D2, right: 300sccm purge with argon
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_O-PETE*“ in OpenFOAM: AT

unterschiedlich komplexe Modellierungsansatze

quadratisches Modell, 84096 Zellen

“snappy hex mesh* (CATIA), 406444 Zellen

Halbkreismodell, 12180 Zellen
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Simulation einer DEMO “Pin”- Bruteinheit mit OpenFOAM ﬂ(l'r
» Tritiumfreisetzung im Brutmaterial
» berechne Tritium in Spulgas, Kuhlgas, Wanden.

. . @ T e e e e
Grundlage sind vorhandene Ergebnisse am INR L j/ i

« 3D Modell mit thermohydraulischen Analysen
* 1D-Tritiumfreisetzung aus Neutronikrechnungen

Be,Ti  KALOS  Inwer Backplate  Coolant  Purgegas
block NMM CB cladding outlet plenum  manifolds

2D-Zylindersegment/Schnitt eines Pins (13167 Zellen)

02.03.2021 Workshop Wasserstoff/Brennstoffzellen KIT-Zentrum Energie



OpenFOAM Ergebnisse flur Q-PETE _\\J(IT
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Moglichkeiten zur Vereinfachung des Mesh OpenFOAM Ergebnisse fiir Tritium-
permeation ins Kihimittel und

 OpenFOAM calculations for Q-PETE Tritiumeintrag in die Stahlwande eines
1,19 400°C, 3000ppm D,, 300sccm e A TE - DEMO HCPB Pins
1,0 il
‘E 0,9
s 08 1e-3Pa H, im Spiilgas | 300Pa H, im Spiilgas
_§ 0,7 surface-limited 0.2% des erzeugten T | 0.15% des erzeugten T
g 0,6 , . Q-PETE, 314/2 =4 on QMS (Oberflachengleichungen) 1.5 pg/pin 0.19 pg/pin
4 = = -run
§ 0,5 S, ’ — — -run050 diffusion-limited 5% des erzeugten T 0.6% des erzeugten T
o 0,4 / 4 . . .
(;; ] R4 OpenFOAM simulation resufts (Sieverts Gesetz) 1.1 pg/pin 0.16 pg/pin
s 03 § s —w— SHM-CAD, 406444 cells
g 0,2 , /7 7 half square, 84096 cells
01 1 s s —A— half circle, 12180 cells
] z - —#— coarse model, 1674 cells Application: Hydrogen paths in solid structures
0,0 #—— . . . . . . . .
0 2000 4000 6000 8000 10000 12000 14000 (embrittlement)

time[s]
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Implicit Euler backward ﬂ(l I
Combined matrx solver

Explicit Euler forward <arlsruher Institut far Technologie

Crank Nicalson

e. g. Concentration

T=673 K, Optifer, 150 Pa, W= 125 mm, dm = 1.2 mm, 30 ml/min

Time ® SOR parameter, n=100
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. inlet $1x10F --- c(n1,9-c(nt), ©=025 3§
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Time [s]
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Amount of relative deviation

8

Solving algorithm: Rediffusion and optimal D*=(n-1)?D dt/w_2<0.5,
former 17 hour @inrclu (fixed dt), optimised algorithm and use of

D*=0.25 (variable dt), now 40 -120 s @ UC2, n=100 elements

Accuracy, n=100
Optifer, 673 K, w, =1.3 10°m
B Ll T T I T T L) I Ll tI T I L L T I L Ll L} I L} Ll T u
Crank Nicolson
- Euler backward matrix

+ — - Combined matrix solver
s——=a Euler forward matrix or row —

1><'|0'2;‘

1x107°

’4 1 L L I 1 1 1 I L L 1 I L L il I 1 L L I L 1 L 4
1><‘|0010 0.2 0.4 0.6 0.8 1.0 1.2
D*
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9 2
673 K, 51 elements, foreward Euler, t=10.0 s, D=8.257 10 'm'/s
Optiler membrane, w=1.3 mm, approx 40 ms, analytical sum up to 200 terms

on

= 0.0M100F
0.0075

0.0050

Amognt of relative deviat
5

—— D"=0.50005
— D*=0.50000

D7=0.49982
—— D"=0.48859 .

Euler forward, D*=0.25

>O A

Smith, n=39
QR, n=39
Smith, n= 40
QR n=40
Smith, n=41

< QR, N=41
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$" eigenvalue

P
20

P PR P
30 40 50
“lement number

Co working in QR
with Till Glage
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B&B algorithm searching fitting solution depending on transport parameters
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T=573K, D_=4.78 10" m’/s, K_ _~5.06 10~ mol/m’

p, =3 10° Pa, m = 180 mi/min, d_ =12 mm, w_=125mm
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Solving inverse problem by B&B algorithm

v

N
var(s=0) —={"synthetic graph" FDM var(s#0) |(— “synthetic graph” FDM| fe........J
1 N e |
T T
which graph
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Initial values by analytical first order
approximations
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super cycle bounds
"|  torsi toss t €
21 Dess; Depr (1 +€) | Depr >0
3.1 ¢(0);c(0)(1+¢€) c(0)>0
4.| Dops,c(0); Derp (1+€), | Jsteaystate
C(O)/(l + E) = const.
S. | Josfsets Joffset (1 + €)  |jorfset >0
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Q-PETE results

100 FDM elements with redlffusu)n Run0070 neu, k

8.0x10°

Permeation [mol/s]

2.0x10"°

0.0

Possible Q-PETE application membrane of fuel cells
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sa =0.18 mol/m3/Pa
Modus 5, P, =1.40 10° Pa, p, = 416.4 Pa, 327.7 sccm 773K

6.0x10"°

4.0x10™°

T T T T T T T T T T

Experimental results of D, and HD  +
signal

leng graph [y B&B and analytlcal
7.6910 m2/s, 5771 tries 7

Imtlals value of B&B

4000
Time [s]
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0.5

See legend

Endotherm, Grant et.al.: En air =
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6 [°C]
560 441 352 283

10+

Diffusion const. analytisch [10°" m? ]
Sieverts” const. analytisch [10 mol/m?/sqrt(Pa)
Diffusion const mod. 5 [10°"" m%,]

Sieverts'const. mod. 5 [10 mol/m*/sqrt(Pa)]
Mad. 5 diff D=2600 exp(-51000/RT)

« PO N

Mod 5 Sleverts ks, 53-240 *exp(- 1BUOU!RT)

00012 00014 00016 0,0b18

/T [1/K]

=52.4 kd/mol, E,

s=16.5 kd/mol (mod5)
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Gas Relesase Experiment, status pre setup ready

T=573K

—— p(t) time dependent pressure 3
—— Loading interval t,
Pumping interval t,
Gas release interval L =

1.0H| -
0’15_ Pitan 3
- 1 L 1
0 1000 20 3000
Experimental time
Loading phase, D=7.879 10" m’/,, r=0
673 K, Opiifer, analytical m_=30 and n_=1000, numerical FDM 240 x 240 elements
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t=0 s, analytical

t=100 s, analytical
t=200 s, analytical
t=400 s, analytical
t=800 s, analytical

t=0 s, our numerical
t=100 s our numerical
t=200 s, our numerical
t=400 s, our numerical
t=800 s, our numerical
t=100 g, Open FOAM
t=100 s, Open FOAM
t=400 s, Open FOAM
t=800 s, Open FOAM
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] Analytical Solution: Co working with Marvin Schulz

V-1

V-2

,Lecture bottle”
3% H2 in Argon

Load gas
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% V-4

P(t) Pressure
p| gauge(10Pa)

pressure (1 atm)

Container
with heater

o

Temperature
gauge (600°C)

Specimen

Vacuum
pump

V77

Power supply
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First try with a CF tube with 19 mm diameter and 5 mm copper plating ﬂ(IT

r,=10mm, r_=20 mm, z_=40 mm, z_ =50 mm
Optifer, r_=3mm, z,_=30 mm, D_ =8.257 10" m/_ k__=5814 10 molim¥sqn(Pa), 673 K

4 _ _ Confinement only, 27600 FDM

elements

1 — _ Specimen only, 9 10* FOM

glements

Specimen with interacting confinement

4 — — "Analytical® solution with 4.9 10°
FDM elements

, Gase of total hydrogen evaporation
from specimen

. Case of "analytical" solution with
phase equilibrium

4 Analytical solution of confinement

1 —— Analytical solution of specimen

___ Analytical solution confinement

and specimen

Partial pressure D, [Pa]

e e e e e e e g ]
1000 1500 2000 2500 3000 3500
Time [s]

W
GEII 500

Currently most interesting GRID
experiment as storage description for
“exothermal” hydrogen storage
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"gasrel24a", T=673 K, Cu containment with Optifer spegimen, 23.2.2023

chamber dimension 70 mm to 9.5 mm diameter, p,_,, = 3 10" Pa, partial

100

o
o

150

| L L L L L |

___ Only confinement, UC2 approx 6 min,
42500 elem

___ Only Optifer specimen (6 mm diam, 60 mm
length), UC2 approx 7 min, 40000 elements
Specimen & confinemen, UC2 approx 13 min,
82500 elements
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