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Motivation

a Influence of radiation damage on Diffusion and Sieverts’ constant

- ial?
O Radiation Damage - Setup Material? |
o (Frenkel Defect, etc.) m Heating heals defects!
> m How to recover D and ks
N\ N> 2
= Change in D and kg from data
NN
N>
_/

Experiments like this are relevant for:
a Reactor and Fusion-technology,
a Green energy: Storage and transport of Hs,

a repository exploration, . ..
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Outline A\KIT

mu Experiment, Setup

Diffusion-Equation with time dependent boundary-conditions

Explicit Solution for each time interval [Sample]

Partial pressure of Hydrogen during Release-Interval
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Experimental Setup

a Cylinder geometric
isovolumetric setup

a Loading with Hydrogen at
defined pressure p; (and
Temperature T)

m Evacuate the System
— p(t) = prexp[—At]

m Recover Sieverts’ and
Diffusion Constant

Ry =3.010°m, Ly =3.0102m
Ry =0.01m, R, = 0.02m, Ly = 0.04m

Marvin R. Schulz — Analytical Solution of a gas release problem

enclosure pressure,
concentration in solid

Lo

Ly

September 26, 2019

3/16



Boundary Conditions A“(“

Note: (Sieverts’ Law)

On the surfaces the C jon of ot Lo =0.t]
n the su a.cest e oncgntrgt/on o p(t) = { prexp[-Ail.t € [t bo]
(Mono-atomic)-Hydrogen is given by

unclear, t € (b, t3]
c=ky/p(t) Vt>0

Note: (Diffusion-Equation) L

0rc™ — DA =0, j € {s,c} t € [tn, try1]

->L-0
" (r, z,t) = ki/p(t) for {r € {Fo, i}

VALS {:l:Lo,:l:L1}
<Ro,z,ty=0 11z

L,
c(r,z,t,) = " (r, z, t,_q),c"V =0
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Solving These Equations A\‘("

Zero-Boundary condition [Sample]

9s(r,z, t) = c(r,z,t) — ks\/p(t),r € [0, Ro], z € [—Lo, Lo]
= Oigs — DsAgs = ksOt/p

Zero-Boundary condition [Containment, neglecting z]

(), 7(r) = log[r] — log[Ro]

r.t) =c(r,t) —7(r)k = ,r€ Ry, R
gelr ) = elr ) = rlnke oglA] —togl] " < 17
= 0i9c — DcAge = TksOr/p
Hom. PDE — ODEs — Fundamental Solutions
Separation of variables Solvable
— Full Solution

Variation of Constants
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Sample: Analytical Solution S(IT
t € [0, 4], p(t) = 3kPa, ks = 1.829103-m p —7.879109 ™

v/Pam3’
Specimen [Convergence Diagramm]
ey o R
s —— t=400s X t=100s
§05 —— t=200s X t=600s
; —— t=100s
g — t=10s
204 t=0s -6
E
00001;77;)05 0.0010 0.0015 0.0020 0.0025 0.0030 v 0>< . 50 100 150 200 250
radius r [m] Summands used
Concentration Profile for z = 0. Relative error of approximation.
T r
(r,z,t) E bn.mexp[—72, ntlcos ( (2n+1) =z | Jo
2L, F?o
2 n+1
2 _p X7m+(2n+1)7r b — (=1)" ks \/PL
= Us m,n =
mn R2 412 ’ 7(2n + 1) xmd1 (Xm)
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Compare: Numerical (Fortran),
Analytical (Python), OpenFOAM

Loading phase, D=7.879 10°° m’/,, 673K, z=0

own analytical solution straight, m_=30, n_=1000, own numerical dashed, Open FOAM dotted
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- s, own numerical
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Different approaches show similar results!
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Compare: Numerical (Fortran),
Analytical (Python), OpenFOAM

0.5)

) 9 2
Loading phase, D=7.879 10" m /g, 1=0

673 K, Optifer, analytical m_=30 and n_=1000, numerical FDM 240 x 240 elements
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Relative concentration, c(r=0, z, t:

I
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0
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—— t=0s, analytical

7| —— t=100 s, analytical

——— t=200 s, analytical

Different approaches show similar results!
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=800 s, analytical
t=0 s, our numerical
=100 s our numerical
=200 s, our numerical
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Solution
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Containment: Analytical Solution \‘(lI
t € [0, 4], p(t) = 3kPa, k; = 5.94110* o D, = 8.257 10~ 10 m?

le-7
o Containment S
v 08 = x> x
L — t=0s 220 NES
I 105 =
< 06 — t=100s 5
2 — t=200s g1
S 04 — t=400s 3
3 — t=800s E 10 L
= 02 t=le+12 o
g i
g 0.0 =05 ;%f
-0.2 0.0
0.010 0.012 0.014 0.016 0.018 0.020 0 200 400 600 800 1000 1200
Radius rin [m] Time [s]
Concentration Profile for z = 0. Stored amount of Hydrogen.

e(r,z,t) ZAnexp[ )\%F?Z ]( (( ))Jo(/\n )+ Y0(>\nF',1 ))

Jo(An) Yo(An) \ - Rf 7(r)up(r)rdr
o (JO()‘"g;) Yo(Ang )> o= kb SR un(r)2rdr
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Pumping Interval %("'

Fick's Law — ¢(r, z,t) = p exp[—At], for r € {Ro, R1},z € {Lo, L1}
Fixed Ratio: 97 % He and 3 % H-
Remaining Partial Pressure: = py,(0.9s) = 1Pa

Specimen Containment
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Release Interval

AT

Problem: p(t) in gaseous phase unknown = No Boundary Conditions
Note: (Initial Guess)

Vol

\/_ vPo

1 —ex t 1

T aor g (1~ eel61) + Vb (1)
[Sedano et al., J. Nucl. Mater. (1999)]
Oigs — DsAgs = ks O1\/p ,
~—~—

Now Easy

Note:

0t9c — DcAge = chatf

a (5, T and pr free parameters

m Sieverts’ Law still holds for the pressure above

o
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Release Interval Graphics A\K"

.,.Specimen Containment
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Pressure Increase &‘(lT

Karisruher Insttut for Technologie

_ ‘ _ (m(t) + mg(t)) RT
m(t)zk:/O/k(T)dT, pru(t) = (LT D AT,

R1=10 mm, R2=20 mm, zci=40 mm, zco=50 mm
r.=3mm, z_=30 mm, D_ =8.257 10" m*/_, k__ = 5.914 10° mol/me/sqrt(Pa), 673 K
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Analytical solution of confinement
—— Analytical solution of specimen
Analytical solution confinement
and specimen
Case of total hydrogen eva-
poration from specimen
. Case of "analytical" solution with
phase equilibrium
Confinement only, 27600 FDM
elements
— _ Specimen only, 9 10* FDM
elements
Specimen with interacting
confinement

Partial pressure D, [Pa]
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Time [s]
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Conclusion A\KIT

a Fortran FDM and analytic (Python) model show similar results,
a Measure containment effect,
a Recover D and k with B&B (fast evaluation -> analytic solution),

m Estimate: Duration of Experiment,

copper containment may be usable

Open Problems:
a Guess function /p(t) does not exactly fit. (Fixed-point lteration),
a Melting Point of copper ~ 1.300 K.
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