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Reminder: gas release diffusion experiments ﬂ(".

Procedure: s o
1. Specimen placed in defined volume enclusure LE ,—E -
. . . gauge (10 Pa)
2. Load specimen with hydrogen at defined e |
conditions (T, pyy) ' Vacuum
3. Swiftly evacuate gases from enclosure withbemer _ - pume
4. Measure pressure increase p(t) in enclosure hydrogen, ‘
specimen Power supply
= Sieverts' constant can be deduced from final pressure e Simplified scheme
) . . of gas release
=> Diffusion constant can be deduced from pressure rise phase ... experimental setup
4 loadphase release phase @b Jan heatable
o | ! ’ ‘ \§i‘“’:’ enclosure
o g ' _ Il (containing
? p _ main specimen)
n .= i valve
L < :
S O ! -\
O T 5 N g CAD study of
5 5 ! =5 = gas release setup
3 é i I;) \1—’"]""“ (main parts)
& 3 a —
! pressure
i : { gauge
" Time o
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1.: Description of setup of an Isovoluminetric Thermal ﬂ(l'l'
DeS O r p t i O n EX p er i m e n t Karlsruher Institut fur Technologie

Z-axis

Upper cup, bod “Active” boundary of body 3

\ “Active” boundary of body 4,

| ' the specimen (Eurofer)

Specimen, ¢
body 4

“Active” f body 2
Hollow cylinder, ctive” boundary of body

body 2
“Active” boundary of body 1

All other boundaries vacuum
Lower cup, body 1
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1.: Physical description &J(IT
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T=573K
B [ —— S L L I R S R R R
. . aseous molekular 1000.0;— —— p(t) time dependent pressure 3
"atomar" intstitial g : — Lozding nerval, ]
Pumping interval t, g
. o .\. \ .’. _ 100.0F Gas release interval t, =
[ C E
—_ X >—e a -
T_Tabs ¢ \.\' S jook .
. T=T / I @ § E
. * abs o -
1.0F -
— E E
p=—D A'grad ¢ -~ E ]
* Oy
0.1F o 3
de \ Eh e e o
« ACE= at f 0 7000 20'00 30'00
. “grad P"=0 Experimental time
- .

Removable cup

“Velocity” of mass transfer by diffusion constant D g
Heater
Ratio of densities given by Sieverts” law diamater, 00 mir tangth
(phase equilibrium) g

Pressure Gauge

Pump connection
with valve and gas

inlet Calibration volume

c = ks\/Dr

Thermal couple lead
through
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2.: Simple analytical Solutions \\‘("'
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Without re-diffusion, complete outgassing, csgmpie =

_ Vsa Kssa\Pload RT
br = Pend + Vv — v
haad e g c sa
t—oo switching of f cha\r-;tber sa?i;le
pump

With phase equilibrium, mass conservation (number of “hydrogens” in atomic interstitial and
molecular gaseous state constant) and non interacting confinement condition, currently unused:

2 (Vc Vsa) 2 Pend Ve—Vsq)
0= (V ) + Vekssa VDr — (VSks,sa /Pload + dRT )
="x"

o o= 2 (Ve=Vsa) _(Pr—Pena) Experimentally difficult realization of
554 RTVsq ~/Pload —Pr boundaries, no statement about diffusion
constant

/—1 + 1+ ( 8(V Sa)\/ Pload 16 pend(Vc — Vsa)2> \
— “ 2
pjf o neg.sqrt RT ks sa (R T V:saks,sa)

\ (o) /
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3.: Structure of differential equations:

SKIT

a C a d (l) . . Karlsruher Institut fur Technologie
0_ = D, Ac ot = D¢y Ad(l) , 1 =123 Analytical 1d: Sedano, Perujo (1999), Esteban
t Douglas (2001) , Eichenauer Pebler (1957)
A 0?2 N 1 0 N 0?2 N 1 9% Hattenbach (1961)
=— 1t — —- Analytical 2d: Eichenauer, Pebler, Witte 1965
or? r dr 0z? 1r? d¢? N
| S ——
=0
z Vacuum
C(O STS Ts,2 = iZS' Vt) = ks,sa V p(t) o |z, &< Body 3, d(3) conzentration,
«-r-—z—m% cérc:lar2 c;(p;)nlate .
. . - Body 2, conzentration,
c(r =15 z| <z, Vt) = kssa p(t) —Zg “T hollow cylinder
d(l)(T < Ve Z = _Zci:Vt) = ks,cu vV p(t) =
, i i
—r — L7 < 7. — / -+ N
d(2)(r = 1ep, =26i< 2 < 2, Vt) ks,cu vP(E) Zs~ ™\ Cylindrical specimenen with
. conzentration c(r,z,t), body 4
dR)(rei ST <7150,2 = F2,,Vt) = ks,cu vV p(t) I : pimensions : £z, s

: Hydrogen atmosphere
d(3)(7’ = TcorZ = Z¢i Vt) = kS,Cu Jo(t) / removable

(possibly 97% He, 3% D or H)

Body 1, d(1) conzentration
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3. Structure of differential equations '&‘(IT

M b [ 2 9 ¢ )d
— = — 4T r—c(r,z =2zt r
dt @ “ 0z S
0 symmetric
Zg 0 . z Vacuum
- 2m rsta f_Zs 5 C(T =T 2, t) dz o |z,, & Body 3, d(3) conzentration,

-"'"_-_z_m_—_r—’c':/ / circular cup plate

I " ~ "
superficies surface of specimen —— _| Body 2, d(2) conzentration,
— = Zg—, hollow cylinder

- 21 Dy forco r % d(1))(r,z = —z,, t) dr

circular aerea of body 1

o

Zgi @ S
-2 rCiDcu f ;l 5 d(Z)(T‘ =Tci, %, t) dz ——a P Cylindrifaltspeczmegen with

~4ci, conzentration c(r,z,t), body 4

superficies surface of body 2 —_— = Dimensions :  z, rs
S —— 2 -7
Tco d leo |"Zoo ‘ Hydrogen atmosphere

-2 Dcu fO r E d(3)(7', Z = Z¢j, t) dr removable

(possibly 97% He, 3% D or H)

circular area of body3 _
Body 1, d(71) conzentration

t
dm
PO =Puarct by [ 05
gaseous<

RT gps
/Vgas L%t2 interstitial
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4.: Results of numerical solution %(IT
—

T=773 K, Cu containment with Optlfer specimen, 13. 5. Karlsruher Institut far Technologie
chamber dimension 80 mm to 40 mm diameter, p, ,, =3 10° Pa, improved gradient calculation

rrrrrfrrrrrrrrrrrrrrrrrrrrrrrrr ot

30 x 60 elements

0.8 -1
TU‘ L .
o6l -
o | i
=2
(72} B .
o 1 i
o . -
04} Only Cu-containment, former 30 x 10, 10 x 80,
% i SIO x10 elements, now 40 x 30, 30 x 80, 40 x 30, N u merlcal artefaCtS
o | elements i
e | —_ Only specimen, former 24 x 60 elements, now | Development, T=773 K, Cu cont. WIth Optifer specimen

0 500 1000 1500 2000 2500 3000 3500

Only Cu-containment Release phase time [s]

—— Only specimen .
— Containment and specimen

0.2 — Containment and specimen chamber dimension 80 mm to 40 mm d|ameter Ploag = 3 10° Pa, improved gradient calculation
—— Starﬁng pressure [ LI} T T I T L l LI B T I T T LELJ l LI T T I L T LI I LI T T l T J
________________________________ 0.8} P
o) W EPEFEFINI EEFININES NEFETINE AT IFEFEAT IS A i i |
0 500 1000 1500 2000 2500 3000 3500
Release phase time [s] _ i g
© i e |
Simpl ical di lculati L06 .
imple numerical gradient calculation —0.
T=773 K, Cu containment with Optifer specimen a2 E
12.5. 2019, chamber dimension 80 mm to 40 mm diameter, p,__ =3 10° Pa E = o
A Q_ .
0.8 T T T T T T T T T T T T o 041 = Without mean, free slope —_
[ § - With mean, free slope .
I I o - — Without mean, dm/dt>=0 :
=06 J o — With mean, dm/dt>=0 1
& r : 0.2 -
o L .
3
3 - -4
504 = L l
% 0 [ Ll il 1 l Ll Ll l Ll L 1 l Ll Ll 1 l Ll Ll l Ll 1l l Ll 1 L l il
<@
)
o

(=]
i

0n.;;l.nxxln.;xl.n;xlk.;; PN S S [ S 0 T N A Y T Y

0 500 1000 1500 2000 2500 3000 3500 4000
Release phase time [s]
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After finish of holding time 3 kPa

T=573K
P L B A B B
2 [ — Containment cylinder ]
'c 5 Specimen cylinder 1
2osl .
Fali § :
< [ ]
3 06l ]
5 0.6 I ]
k= | ]
c |
2 041 -
8 ]
< [ ]
8 0.2f J
c 5 i
Q | ]
o 1 ]
0.0 N N N T
0 20 40 60 80 100

Element number r-direction
After finish of gas inlet 3 kPa

o

Concentration in arbitrary units

1 g e
> [ ©

et
[}

g
o

— Containment cylinder

T=573K
T T T T T A

Specimen cylinde

0.006

0.004

0.002

Concentration in arbitrary units
o
o
o
(=}

9

20 40

60 80 100

Element number r-direction

Starting distribution 0.1 Pa

T=573K

— Containment cylinder
Specimen cylinder

L PRI S L L
20 40 60 80 100
Element number r-direction

Gas release Experiment:

= 100
o,
o

3 10
Qo
o

]

0.1
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Result of 1D solver r-dependency.
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After finish of pumping time 0.1 Pa
T=573K

o
w

T

LA N B B S B B B S B B B B N

centration in arbitrary units
o o
—_ N

L — Containment cylinder ]
- Specimen cylinder

o
o

1
0 500 1000 1500 2000 2500 3000
Experimental time [s]

z Vacuum
Teo  |Zgo *
=7 | i~ =
—_— . c
| - Cyndrical copper =
£ .
P containment >
= ©
S
=
Ko}
simplified x-axis ©
|
i £
=, ~Cylindrical e.g. Eurofer =
i c
= specimen oy
e ] Dimensions : £z, rg Q
e i N 8
feo ,'__ZC_“_/ﬁydrogen atmosphere
removable

(possibly 97% He, 3% D or H)

0 20 40 60 80 100

Element number r-direction

After finish of release time 2000 s
T=573K

©
o
o

0.06

0.04

©
o
™)

0.00f-

— Containment cylinder -
Specimen cylinder

20 40 60 80 100
Element number r-direction
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P L A B LR B B
Sosf . \\‘(I I
c ook — Middle of specimen ] Calcu Iatlon tl me 2 D Karlsruher Institut far Technologie
% L Middle of cylinder barrel (2) J , .
o 3 — Middle of buttom cup (1) 1
s f 1 35, inverse problem
2041 ] | |
Y \ approx. 440 days odf ]
0.2 - S | |
: I\ Ucl accuracy=10% £ | .
0_0_| PSS I ErE———— = e I g | — Middle of specimen 1
0 10 20 30 40 50 g Middle of cylinder barrel (2) ]
Element number r-direction 3] — Middle of buttom cup (1) A
s |
1o, P e ] "gasrel" VeXion 24, T=773 K, Cu containment with Optifer specime .2 ]
L i chamber dimegion 80 mm to 40 mm diameter, p, ., =3 10° Pa, specime 6 mm x 60 mm 8 A
: : 1 I I E |
50.8} - ]
=hid! 1 AN
g -1 \ ]
ch 0.6 [ —— Middle of specimen ] =3 I T S T B .
2v°r Middle of cylinder barrel (2) 30 40 50
8 I — Middle of buttom cup (1) . Element number r-direction
Soaf .
© - ]
9 -
[ B
Co.2f
ool,_l | I I R S R
0 10 20 30 40 50 0 1000 o goooh ; 3000 4000 i . T T T T T T T T T ]
Element number r-direction elease phase time [s] 0.08k i
B e e e o e e LI e e e o e e e N | ]
0.03 [ | z Vacuum c - )
| i oo |7., &= Body 3, d(3) concentration, S - i
c | | /’Tﬁ mrcular cup plate . g 0.06 _— —-
2 | ] |- Body 2, d(2) concentration, 5
g 0.02k i 123 hollow cylinder % : :
§ | ] 0 0.04F — Middle of specimen ]
g i 1 | g : Middle of cylinder barrel (2) :
9 I E S » © | — Middle of buttom cup (1) ]
® ' = 30.02f -
> - Mi i -
k= 0.01F M!ddle of specimen - =Zs~ ™. Cylindrical specimenen with ~ [C - E
ks L Middle of cylinder barrel (2) E - concentration c(r,z,t), body 4 - T
(0] L — Middle of buttom cup (1) g _ NJ Dimensions : £z, r - 1
c o ] L 0.00F .
oo |~ Zoo 5 Hydrogen atmosphere IS NI RIS S —" S " R
i 1 femovable 0 10 20 30 40 50
0_| P PR S B B TP (possibly 97% He, 3% D or H) Element number r-direction
0 10 20 30 40 50 Body 1, d(17) concentration
Element number r-direction
10 25t of June, NUMERICAL ANALYSIS OF AN ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT MET/INR/Maschinenbau



Releative concentration

Releative concentration
o © o
» (2] 2]

o
N

o
o

0.03

0.02

0.01

Releativ concentration

11

"gasrel" Ve

Calculation with 2D

Version 24 with 13500
elements

chamber diment:

on 24, T=773 K, Cu containment with Optifer specimen
80 mm to 40 mm diameter, Pioad = 310° Pa, specime 6 mm x 60 mm

:||||| ol Au

0 ) N S S S S S S S S S S S S S S S S S S S S S
8_ -
6-— — Middle of speci ]
i Middle of cylinder bang| (2) 1
[ — Middle of buttom cup (1) ]
4_ -
2_
_0- rrsrstl SFEFERNE ENUPERETE ENERETET BN APEFETINS ENEATAT I
0 20 40 60 80 100 120 140
Element number z-direction
e LG B L i i o o e e e
| — Middle of specimen A
i Middle of cylinder barrel (2) 1
[ — Middle of buttom cup (1) ]
|||| MNP
0 20 40 60 80 100 120 140
Element number z-direcjon

/

—— Middle of specimen
Middle of cylinder barrel (2)
— Middle of buttom cup (1)

0 20 40 60 80 100 120 140
Element number z-direction

R
Body R
Specimen | 30 150
1 50 40
2 50 100
3 50 40
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0.3

0.2

— Middle of specimen

Middle of cylinder barrel (2)

— Middle of buttom cup| (1)

N LI L L B D B e e L L B L

Releative concentration

0 20

60 80 100

120
Element number z-direction

140

T
0.10

0.05

Releative concentration

0.00

N

Middle of specimen

Middle of cylinder barrel (2)

Middle of buttom cup (1)

0 20

40

60 80 100

Element number z-direction

25™ of June, NUMERICAL ANALYSIS OF AN ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT

120

140

MET/INR/Maschinenbau



Comparison with analytical solution: \\‘(IT
Results for chamber 40 mm dia. and 80 mm length, Optifer a‘:"’m”‘ forTechnologie

Pioag =3 10° Pa, integration time checked 1 ms, 0.5 ms, 0.1 ms less than ‘/moo deviation

p, [Pa]

:""I i L | ' L | ]
10.5F ]
10.0f ]
9.5F .
9.0F .

o 51_ — QEZKIEZ: :ZEE:I v:",f:}? Sgg,‘iﬁjg,”jn'"” _ Results for cham?er 40/20 mm dia. and 80 mm length, Optifer cyli1nder 60 mm x 6 mm
“ —— Numerical results (forward) ] Poag =3 107 Pa, integration time 1 ms, 0.5 ms, 0.1 ms less than '/, deviation
80-— _‘ i 1 1 IIIIIII T T IIIIIII T T IIIIIII 1 1 IIIIIII ]

A | L Ll L o aaaal L ]

1x10° 1x10* 1x10° i 1

Number N of FDM elements o i |
o
| —
o

0 0-10 2 g

= - .

g f ]

o - J
| .

© . -0.493
< - isotrop Az/Ar=1, Ap /p, ~ 13N .
DsaAt = . r 0.42
10711 <« —— < 10°° g 0.01 — non isotrop 5< Az/Ar < 13, Ap /p~ 3.5 N

VIE . -0.428 B

Az < F—— non isotrop Az/Ar = 20, Ap /p ~ 3.08 N .

[ . . -0.44N\_ ]

| — non isotrop improved solver Az/Ar=20,Ap /p ~2.95 N i

1 1 IIIIIII L L IIIIIII L L IIIIIII 1 1 IIIIIII
2 4
1x10 1x10° 1x10 1x10° 1x10°

Number N of FDM specimen elements
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Small excurse to solver algorithms: _\\J(IT

1D forward Euler

_ DAt
c(i,t +At) =c(i,t) +

(c(i +1,t)+c(i—1,t) — 2c(i, t)) +

A Ar?
t

. ((c+1,0)—cli-1,0)
2D improved forward Euler:
c(i,j, t + At)

- D At . . . . . . N

=c(i,j,t) + XUN Ri+Dc(+1,j,t)+QRi—Dc(i—1,j,t) — (4i)c(, t))
D At
s ((cGj+1,0)+clj— 1,0 = 2, ))
Desired: Backward Euler solver, e. g. 1D cartesian:
-1
0 1
e -D* 1+2D"-D"
D" -2D" D -D* 142D"-D*
D*-2D" D -D* 1+2D" -D*
S 1= ok + Ok E|)<+'| = ° 1--2DD* ‘1-E)ZD* .D* ET(
D*-2D* D* ‘.
0 -D* 132D"-D*
~__D At
D=—Ne 1

2D n x n x m tensor ?
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4.: Results .&‘(IT
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"gasrel" calculation with 6400 specimen element and 1800 conf. elements
14 halftimes reaching endpresure (0.1 Pa)

_I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 )
‘© 10 -
o 10
[ - _
| .
-
) = -
%)
o
Q | —— "gasrel", pumping half time 1.25 s, with confinement ]
© 5k - "gasrel", pumping halftime 10 ms, with confinement -
s —— "gasrel", pumping halftime 1 ms, with confinement
o i "gasrel”, pumping halftime Os without confinement y

i —— Open foam solution without pumping, without confinement |

Open foam solution without pumping, with confinement
0 'i' | | | I | | | I | | | I | | —

0 1000 2000 3000
Time of gas release phase
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Release presure [Pa]
N

15

T=773 K, Cu containment with Optifer specimen

chamber dimension 80 mm to 40 mm diameter, Pioad = 310° Pa, interstitial-molecular

HI L) L) 1 L) I 1 1 1 1 I 1 1 L) L) I 1 1 L) i
[ - ]
%
A p ]
s p ]
— § —— Copper containment (1) =
i ] — Only specimen without confinement interaction (2) ]
- Confinement and specimen, 1.74 pa + 3.44 pa <> 4.76 Pa -
C — — Direct sum of (1) and (2) =
] _
f ]
1 1 L I 1 1 1 L I 1 1 1 1 I 1 1 L
0 1000 2000 3000
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Release phase time [s]

Total pressure He & D, [Pa]
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m T —TTT T
0.814}- m
0.813|- ]

0.812|- .

Pressure [arbitrary units]

0.811- N

0.8107"""' . ]
1x10* 1x10°
Number of elements

Choosing starting pressure:

. 5
Weak pump, half time 10 s, total pressure 10 Pas, 3 % D2
. T =773 K, standard Optifer specimen, Cu-chamber 40 mm dia, 80 mm length
1><105|...|...|...|...|

1x10°F E

1x10°F 3

1x10'F E

=~ Start 3333 Pas, partial pressure 100 Pas
— Start 333 Pas, partial pressure 10 Pas g

(0]
1xX10°E
F Start 33 Pas, partial pressure 1.0 Pas  J

[ — Start 3 Pas, partial pressur 0.1 Pas
1] A P M M P )
110 "To00 2000 3000 4000 5000 5000
Time [s]
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Results for conception of experiments

Partial release pressure [Pas]

Partial release pressure [Pas]

N
(=}

(o2}
(=}

(o
(=}

20 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

N
o

w
(=}

N
(=}

Complete Cu containment with specimen
— — Complete Cu containment only
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only

UL LA L L LI DL =

HIIIIIIIIIIIIIlIIIIIIIIIlIIII-
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-
0 L L L L I L L L L I L L L L I L L L
0 1000 2000 3000
Time [s]
40 mm diameter, pumping halftime 0.5 s, 773 K Copper or Boron
Total start pressure 33 Pas Silicate glass
10 L B S B S S A I Diameter
sk ] N
6 [ Complete boron silicate glass containment with specimen__ £
- Complete boron silicate containment only E 1S
[ ] 3
4 — =
2 = —
[ ] Copper Il
0 M RS T I S S R Lead through for gas
0 1000 . 2000 3000 pressure gauge and |
Time [s] thermal couple 6 mm
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40 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

w
o
1

Partial release pressure [Pas]
n
o

—
[=]
I

Complete Cu containment with specimen]|
y — — Complete Cu containment only T
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only .

———

—
&)

&)
o QX T T T T T T T T T T T T T T

2000
Time [s]

80 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

Partial release pressure [Pas]
=

ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT

-——

Complete Cu containment with specimen
— — Complete Cu containment only
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only

————

R
2000
Time [s]

MET/INR/Maschinenbau



SKIT

5.: Outlook to analytical solution

Solution in the charging interval

o{r,20) =k P 2 61 exp(-¥2a)oos{ 20+ 7 23,04,

m 7(2n+1)X 3, (%)
where
2n+1)? 71 . o
y2 =D, 2 ( Z , J,(X) (a=0,1) Bessd functions of the first kind,
I 4z
X the m-th roots of ‘Jo(x)' Concentration for z=0, at different times
1.0 -
[&]
c 0.8+
.°
T T T 1T T T T E
1.0F -1 )
_ : S 0.6 -
_20.8_— ] g
g | |8
Soak — nditon c= n b5
gosf Coading tme 54 9 . g 0.4+
8 [ — Loading time 300 s ] f—;
204} —_ Load?ng t?me 600 s . E
= 3 —— Loading time 800 s E o
S I Loading time 1200 s 2 0.2-
&)0.2_— -1
. 0: ] 24s
R T R R B T 0.01 T T T T T
Element number r-direction 0.0 0.2 0.4 0.6 0.8 1.0

normalized radius r
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Reminder: gas release diffusion experiments ﬂ(".

Procedure: s o
1. Specimen placed in defined volume enclusure LE ,—E -
. . . gauge (10 Pa)
2. Load specimen with hydrogen at defined e |
conditions (T, pyy) ' Vacuum
3. Swiftly evacuate gases from enclosure withbemer _ - pume
4. Measure pressure increase p(t) in enclosure hydrogen, ‘
specimen Power supply
= Sieverts' constant can be deduced from final pressure e Simplified scheme
) . . of gas release
=> Diffusion constant can be deduced from pressure rise phase ... experimental setup
4 loadphase release phase @b Jan heatable
o | ! ’ ‘ \§i‘“’:’ enclosure
o g ' _ Il (containing
? p _ main specimen)
n .= i valve
L < :
S O ! -\
O T 5 N g CAD study of
5 5 ! =5 = gas release setup
3 é i I;) \1—’"]""“ (main parts)
& 3 a —
! pressure
i : { gauge
" Time o
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1.: Description of setup of an Isovoluminetric Thermal ﬂ(l'l'
DeS O r p t i O n EX p er i m e n t Karlsruher Institut fur Technologie

Z-axis

Upper cup, bod “Active” boundary of body 3

\ “Active” boundary of body 4,

| ' the specimen (Eurofer)

Specimen, ¢
body 4

“Active” f body 2
Hollow cylinder, ctive” boundary of body

body 2
“Active” boundary of body 1

All other boundaries vacuum
Lower cup, body 1
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1.: Physical description &J(IT

Karlsruher Institut fur Technologie

T=573K
B [ —— S L L I R S R R R
. . aseous molekular 1000.0;— —— p(t) time dependent pressure 3
"atomar" intstitial g : — Lozding nerval, ]
Pumping interval t, g
. o .\. \ .’. _ 100.0F Gas release interval t, =
[ C E
—_ X >—e a -
T_Tabs ¢ \.\' S jook .
. T=T / I @ § E
. * abs o -
1.0F -
— E E
p=—D A'grad ¢ -~ E ]
* Oy
0.1F o 3
de \ Eh e e o
« ACE= at f 0 7000 20'00 30'00
. “grad P"=0 Experimental time
- .

Removable cup

“Velocity” of mass transfer by diffusion constant D g
Heater
Ratio of densities given by Sieverts” law diamater, 00 mir tangth
(phase equilibrium) g

Pressure Gauge

Pump connection
with valve and gas

inlet Calibration volume

c = ks\/Dr

Thermal couple lead
through
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2.: Simple analytical Solutions \\‘("'

O . Karlsruher Institut fur Technologie

Without re-diffusion, complete outgassing, csgmpie =

_ Vsa Kssa\Pload RT
br = Pend + Vv — v
haad e g c sa
t—oo switching of f cha\r-;tber sa?i;le
pump

With phase equilibrium, mass conservation (number of “hydrogens” in atomic interstitial and
molecular gaseous state constant) and non interacting confinement condition, currently unused:

2 (Vc Vsa) 2 Pend Ve—Vsq)
0= (V ) + Vekssa VDr — (VSks,sa /Pload + dRT )
="x"

o o= 2 (Ve=Vsa) _(Pr—Pena) Experimentally difficult realization of
554 RTVsq ~/Pload —Pr boundaries, no statement about diffusion
constant

/—1 + 1+ ( 8(V Sa)\/ Pload 16 pend(Vc — Vsa)2> \
— “ 2
pjf o neg.sqrt RT ks sa (R T V:saks,sa)

\ (o) /
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3.: Structure of differential equations:

SKIT

a C a d (l) . . Karlsruher Institut fur Technologie
0_ = D, Ac ot = D¢y Ad(l) , 1 =123 Analytical 1d: Sedano, Perujo (1999), Esteban
t Douglas (2001) , Eichenauer Pebler (1957)
A 0?2 N 1 0 N 0?2 N 1 9% Hattenbach (1961)
=— 1t — —- Analytical 2d: Eichenauer, Pebler, Witte 1965
or? r dr 0z? 1r? d¢? N
| S ——
=0
z Vacuum
C(O STS Ts,2 = iZS' Vt) = ks,sa V p(t) o |z, &< Body 3, d(3) conzentration,
«-r-—z—m% cérc:lar2 c;(p;)nlate .
. . - Body 2, conzentration,
c(r =15 z| <z, Vt) = kssa p(t) —Zg “T hollow cylinder
d(l)(T < Ve Z = _Zci:Vt) = ks,cu vV p(t) =
, i i
—r — L7 < 7. — / -+ N
d(2)(r = 1ep, =26i< 2 < 2, Vt) ks,cu vP(E) Zs~ ™\ Cylindrical specimenen with
. conzentration c(r,z,t), body 4
dR)(rei ST <7150,2 = F2,,Vt) = ks,cu vV p(t) I : pimensions : £z, s

: Hydrogen atmosphere
d(3)(7’ = TcorZ = Z¢i Vt) = kS,Cu Jo(t) / removable

(possibly 97% He, 3% D or H)

Body 1, d(1) conzentration
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7

3. Structure of differential equations '&‘(IT

M b [ 2 9 ¢ )d
— = — 4T r—c(r,z =2zt r
dt @ “ 0z S
0 symmetric
Zg 0 . z Vacuum
- 2m rsta f_Zs 5 C(T =T 2, t) dz o |z,, & Body 3, d(3) conzentration,

-"'"_-_z_m_—_r—’c':/ / circular cup plate

I " ~ "
superficies surface of specimen —— _| Body 2, d(2) conzentration,
— = Zg—, hollow cylinder

- 21 Dy forco r % d(1))(r,z = —z,, t) dr

circular aerea of body 1

o

Zgi @ S
-2 rCiDcu f ;l 5 d(Z)(T‘ =Tci, %, t) dz ——a P Cylindrifaltspeczmegen with

~4ci, conzentration c(r,z,t), body 4

superficies surface of body 2 —_— = Dimensions :  z, rs
S —— 2 -7
Tco d leo |"Zoo ‘ Hydrogen atmosphere

-2 Dcu fO r E d(3)(7', Z = Z¢j, t) dr removable

(possibly 97% He, 3% D or H)

circular area of body3 _
Body 1, d(71) conzentration

t
dm
PO =Puarct by [ 05
gaseous<

RT gps
/Vgas L%t2 interstitial
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4.: Results of numerical solution %(IT
—

T=773 K, Cu containment with Optlfer specimen, 13. 5. Karlsruher Institut far Technologie
chamber dimension 80 mm to 40 mm diameter, p, ,, =3 10° Pa, improved gradient calculation

rrrrrfrrrrrrrrrrrrrrrrrrrrrrrrr ot

30 x 60 elements

0.8 -1
TU‘ L .
o6l -
o | i
=2
(72} B .
o 1 i
o . -
04} Only Cu-containment, former 30 x 10, 10 x 80,
% i SIO x10 elements, now 40 x 30, 30 x 80, 40 x 30, N u merlcal artefaCtS
o | elements i
e | —_ Only specimen, former 24 x 60 elements, now | Development, T=773 K, Cu cont. WIth Optifer specimen

0 500 1000 1500 2000 2500 3000 3500

Only Cu-containment Release phase time [s]

—— Only specimen .
— Containment and specimen

0.2 — Containment and specimen chamber dimension 80 mm to 40 mm d|ameter Ploag = 3 10° Pa, improved gradient calculation
—— Starﬁng pressure [ LI} T T I T L l LI B T I T T LELJ l LI T T I L T LI I LI T T l T J
________________________________ 0.8} P
o) W EPEFEFINI EEFININES NEFETINE AT IFEFEAT IS A i i |
0 500 1000 1500 2000 2500 3000 3500
Release phase time [s] _ i g
© i e |
Simpl ical di lculati L06 .
imple numerical gradient calculation —0.
T=773 K, Cu containment with Optifer specimen a2 E
12.5. 2019, chamber dimension 80 mm to 40 mm diameter, p,__ =3 10° Pa E = o
A Q_ .
0.8 T T T T T T T T T T T T o 041 = Without mean, free slope —_
[ § - With mean, free slope .
I I o - — Without mean, dm/dt>=0 :
=06 J o — With mean, dm/dt>=0 1
& r : 0.2 -
o L .
3
3 - -4
504 = L l
% 0 [ Ll il 1 l Ll Ll l Ll L 1 l Ll Ll 1 l Ll Ll l Ll 1l l Ll 1 L l il
<@
)
o

(=]
i

0n.;;l.nxxln.;xl.n;xlk.;; PN S S [ S 0 T N A Y T Y

0 500 1000 1500 2000 2500 3000 3500 4000
Release phase time [s]
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After finish of holding time 3 kPa

T=573K
P L B A B B
2 [ — Containment cylinder ]
'c 5 Specimen cylinder 1
2osl .
Fali § :
< [ ]
3 06l ]
5 0.6 I ]
k= | ]
c |
2 041 -
8 ]
< [ ]
8 0.2f J
c 5 i
Q | ]
o 1 ]
0.0 N N N T
0 20 40 60 80 100

Element number r-direction
After finish of gas inlet 3 kPa

o

Concentration in arbitrary units

1 g e
> [ ©

et
[}

g
o

— Containment cylinder

T=573K
T T T T T A

Specimen cylinde

0.006

0.004

0.002

Concentration in arbitrary units
o
o
o
(=}

9

20 40

60 80 100

Element number r-direction

Starting distribution 0.1 Pa

T=573K

— Containment cylinder
Specimen cylinder

L PRI S L L
20 40 60 80 100
Element number r-direction

Gas release Experiment:

= 100
o,
o

3 10
Qo
o

]

0.1

25™ of June, NUMERICAL ANALYSIS OF AN

Result of 1D solver r-dependency.

SKIT

Karlsruher Institut fur Technologie

After finish of pumping time 0.1 Pa
T=573K

o
w

T

LA N B B S B B B S B B B B N

centration in arbitrary units
o o
—_ N

L — Containment cylinder ]
- Specimen cylinder

o
o

1
0 500 1000 1500 2000 2500 3000
Experimental time [s]

z Vacuum
Teo  |Zgo *
=7 | i~ =
—_— . c
| - Cyndrical copper =
£ .
P containment >
= ©
S
=
Ko}
simplified x-axis ©
|
i £
=, ~Cylindrical e.g. Eurofer =
i c
= specimen oy
e ] Dimensions : £z, rg Q
e i N 8
feo ,'__ZC_“_/ﬁydrogen atmosphere
removable

(possibly 97% He, 3% D or H)

0 20 40 60 80 100

Element number r-direction

After finish of release time 2000 s
T=573K

©
o
o

0.06

0.04

©
o
™)

0.00f-

— Containment cylinder -
Specimen cylinder

20 40 60 80 100
Element number r-direction
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P L A B LR B B
Sosf . \\‘(I I
c ook — Middle of specimen ] Calcu Iatlon tl me 2 D Karlsruher Institut far Technologie
% L Middle of cylinder barrel (2) J , .
o 3 — Middle of buttom cup (1) 1
s f 1 35, inverse problem
2041 ] | |
Y \ approx. 440 days odf ]
0.2 - S | |
: I\ Ucl accuracy=10% £ | .
0_0_| PSS I ErE———— = e I g | — Middle of specimen 1
0 10 20 30 40 50 g Middle of cylinder barrel (2) ]
Element number r-direction 3] — Middle of buttom cup (1) A
s |
1o, P e ] "gasrel" VeXion 24, T=773 K, Cu containment with Optifer specime .2 ]
L i chamber dimegion 80 mm to 40 mm diameter, p, ., =3 10° Pa, specime 6 mm x 60 mm 8 A
: : 1 I I E |
50.8} - ]
=hid! 1 AN
g -1 \ ]
ch 0.6 [ —— Middle of specimen ] =3 I T S T B .
2v°r Middle of cylinder barrel (2) 30 40 50
8 I — Middle of buttom cup (1) . Element number r-direction
Soaf .
© - ]
9 -
[ B
Co.2f
ool,_l | I I R S R
0 10 20 30 40 50 0 1000 o goooh ; 3000 4000 i . T T T T T T T T T ]
Element number r-direction elease phase time [s] 0.08k i
B e e e o e e LI e e e o e e e N | ]
0.03 [ | z Vacuum c - )
| i oo |7., &= Body 3, d(3) concentration, S - i
c | | /’Tﬁ mrcular cup plate . g 0.06 _— —-
2 | ] |- Body 2, d(2) concentration, 5
g 0.02k i 123 hollow cylinder % : :
§ | ] 0 0.04F — Middle of specimen ]
g i 1 | g : Middle of cylinder barrel (2) :
9 I E S » © | — Middle of buttom cup (1) ]
® ' = 30.02f -
> - Mi i -
k= 0.01F M!ddle of specimen - =Zs~ ™. Cylindrical specimenen with ~ [C - E
ks L Middle of cylinder barrel (2) E - concentration c(r,z,t), body 4 - T
(0] L — Middle of buttom cup (1) g _ NJ Dimensions : £z, r - 1
c o ] L 0.00F .
oo |~ Zoo 5 Hydrogen atmosphere IS NI RIS S —" S " R
i 1 femovable 0 10 20 30 40 50
0_| P PR S B B TP (possibly 97% He, 3% D or H) Element number r-direction
0 10 20 30 40 50 Body 1, d(17) concentration
Element number r-direction
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Releative concentration

Releative concentration
o © o
» (2] 2]

o
N

o
o

0.03

0.02

0.01

Releativ concentration

11

"gasrel" Ve

Calculation with 2D

Version 24 with 13500
elements

chamber diment:

on 24, T=773 K, Cu containment with Optifer specimen
80 mm to 40 mm diameter, Pioad = 310° Pa, specime 6 mm x 60 mm

:||||| ol Au

0 ) N S S S S S S S S S S S S S S S S S S S S S
8_ -
6-— — Middle of speci ]
i Middle of cylinder bang| (2) 1
[ — Middle of buttom cup (1) ]
4_ -
2_
_0- rrsrstl SFEFERNE ENUPERETE ENERETET BN APEFETINS ENEATAT I
0 20 40 60 80 100 120 140
Element number z-direction
e LG B L i i o o e e e
| — Middle of specimen A
i Middle of cylinder barrel (2) 1
[ — Middle of buttom cup (1) ]
|||| MNP
0 20 40 60 80 100 120 140
Element number z-direcjon

/

—— Middle of specimen
Middle of cylinder barrel (2)
— Middle of buttom cup (1)

0 20 40 60 80 100 120 140
Element number z-direction

R
Body R
Specimen | 30 150
1 50 40
2 50 100
3 50 40

SKIT

Karlsruher Institut fr Technologie

0.3

0.2

— Middle of specimen

Middle of cylinder barrel (2)

— Middle of buttom cup| (1)

N LI L L B D B e e L L B L

Releative concentration

0 20

60 80 100

120
Element number z-direction

140

T
0.10

0.05

Releative concentration

0.00

N

Middle of specimen

Middle of cylinder barrel (2)

Middle of buttom cup (1)

0 20

40

60 80 100

Element number z-direction
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Comparison with analytical solution: \\‘(IT
Results for chamber 40 mm dia. and 80 mm length, Optifer a‘:"’m”‘ forTechnologie

Pioag =3 10° Pa, integration time checked 1 ms, 0.5 ms, 0.1 ms less than ‘/moo deviation

p, [Pa]

:""I i L | ' L | ]
10.5F ]
10.0f ]
9.5F .
9.0F .

o 51_ — QEZKIEZ: :ZEE:I v:",f:}? Sgg,‘iﬁjg,”jn'"” _ Results for cham?er 40/20 mm dia. and 80 mm length, Optifer cyli1nder 60 mm x 6 mm
“ —— Numerical results (forward) ] Poag =3 107 Pa, integration time 1 ms, 0.5 ms, 0.1 ms less than '/, deviation
80-— _‘ i 1 1 IIIIIII T T IIIIIII T T IIIIIII 1 1 IIIIIII ]

A | L Ll L o aaaal L ]

1x10° 1x10* 1x10° i 1

Number N of FDM elements o i |
o
| —
o

0 0-10 2 g

= - .

g f ]

o - J
| .

© . -0.493
< - isotrop Az/Ar=1, Ap /p, ~ 13N .
DsaAt = . r 0.42
10711 <« —— < 10°° g 0.01 — non isotrop 5< Az/Ar < 13, Ap /p~ 3.5 N

VIE . -0.428 B

Az < F—— non isotrop Az/Ar = 20, Ap /p ~ 3.08 N .

[ . . -0.44N\_ ]

| — non isotrop improved solver Az/Ar=20,Ap /p ~2.95 N i

1 1 IIIIIII L L IIIIIII L L IIIIIII 1 1 IIIIIII
2 4
1x10 1x10° 1x10 1x10° 1x10°

Number N of FDM specimen elements
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Small excurse to solver algorithms: _\\J(IT

1D forward Euler

_ DAt
c(i,t +At) =c(i,t) +

(c(i +1,t)+c(i—1,t) — 2c(i, t)) +

A Ar?
t

. ((c+1,0)—cli-1,0)
2D improved forward Euler:
c(i,j, t + At)

- D At . . . . . . N

=c(i,j,t) + XUN Ri+Dc(+1,j,t)+QRi—Dc(i—1,j,t) — (4i)c(, t))
D At
s ((cGj+1,0)+clj— 1,0 = 2, ))
Desired: Backward Euler solver, e. g. 1D cartesian:
-1
0 1
e -D* 1+2D"-D"
D" -2D" D -D* 142D"-D*
D*-2D" D -D* 1+2D" -D*
S 1= ok + Ok E|)<+'| = ° 1--2DD* ‘1-E)ZD* .D* ET(
D*-2D* D* ‘.
0 -D* 132D"-D*
~__D At
D=—Ne 1

2D n x n x m tensor ?
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4.: Results .&‘(IT

Karlsruher Institut fur Technologie

"gasrel" calculation with 6400 specimen element and 1800 conf. elements
14 halftimes reaching endpresure (0.1 Pa)

_I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 )
‘© 10 -
o 10
[ - _
| .
-
) = -
%)
o
Q | —— "gasrel", pumping half time 1.25 s, with confinement ]
© 5k - "gasrel", pumping halftime 10 ms, with confinement -
s —— "gasrel", pumping halftime 1 ms, with confinement
o i "gasrel”, pumping halftime Os without confinement y

i —— Open foam solution without pumping, without confinement |

Open foam solution without pumping, with confinement
0 'i' | | | I | | | I | | | I | | —

0 1000 2000 3000
Time of gas release phase
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Release presure [Pa]
N

15

T=773 K, Cu containment with Optifer specimen

chamber dimension 80 mm to 40 mm diameter, Pioad = 310° Pa, interstitial-molecular

HI L) L) 1 L) I 1 1 1 1 I 1 1 L) L) I 1 1 L) i
[ - ]
%
A p ]
s p ]
— § —— Copper containment (1) =
i ] — Only specimen without confinement interaction (2) ]
- Confinement and specimen, 1.74 pa + 3.44 pa <> 4.76 Pa -
C — — Direct sum of (1) and (2) =
] _
f ]
1 1 L I 1 1 1 L I 1 1 1 1 I 1 1 L
0 1000 2000 3000
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Release phase time [s]

Total pressure He & D, [Pa]

SKIT

Karlsruher Institut fur Technologie

m T —TTT T
0.814}- m
0.813|- ]

0.812|- .

Pressure [arbitrary units]

0.811- N

0.8107"""' . ]
1x10* 1x10°
Number of elements

Choosing starting pressure:

. 5
Weak pump, half time 10 s, total pressure 10 Pas, 3 % D2
. T =773 K, standard Optifer specimen, Cu-chamber 40 mm dia, 80 mm length
1><105|...|...|...|...|

1x10°F E

1x10°F 3

1x10'F E

=~ Start 3333 Pas, partial pressure 100 Pas
— Start 333 Pas, partial pressure 10 Pas g

(0]
1xX10°E
F Start 33 Pas, partial pressure 1.0 Pas  J

[ — Start 3 Pas, partial pressur 0.1 Pas
1] A P M M P )
110 "To00 2000 3000 4000 5000 5000
Time [s]

MET/INR/Maschinenbau



16

Results for conception of experiments

Partial release pressure [Pas]

Partial release pressure [Pas]

N
(=}

(o2}
(=}

(o
(=}

20 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

N
o

w
(=}

N
(=}

Complete Cu containment with specimen
— — Complete Cu containment only
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only

UL LA L L LI DL =

HIIIIIIIIIIIIIlIIIIIIIIIlIIII-
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10 e —
-
0 L L L L I L L L L I L L L L I L L L
0 1000 2000 3000
Time [s]
40 mm diameter, pumping halftime 0.5 s, 773 K Copper or Boron
Total start pressure 33 Pas Silicate glass
10 L B S B S S A I Diameter
sk ] N
6 [ Complete boron silicate glass containment with specimen__ £
- Complete boron silicate containment only E 1S
[ ] 3
4 — =
2 = —
[ ] Copper Il
0 M RS T I S S R Lead through for gas
0 1000 . 2000 3000 pressure gauge and |
Time [s] thermal couple 6 mm
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40 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

w
o
1

Partial release pressure [Pas]
n
o

—
[=]
I

Complete Cu containment with specimen]|
y — — Complete Cu containment only T
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only .

———

—
&)

&)
o QX T T T T T T T T T T T T T T

2000
Time [s]

80 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

Partial release pressure [Pas]
=

ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT

-——

Complete Cu containment with specimen
— — Complete Cu containment only
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only

————

R
2000
Time [s]
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5.: Outlook to analytical solution

Solution in the charging interval

o{r,20) =k P 2 61 exp(-¥2a)oos{ 20+ 7 23,04,

m 7(2n+1)X 3, (%)
where
2n+1)? 71 . o
y2 =D, 2 ( Z , J,(X) (a=0,1) Bessd functions of the first kind,
I 4z
X the m-th roots of ‘Jo(x)' Concentration for z=0, at different times
1.0 -
[&]
c 0.8+
.°
T T T 1T T T T E
1.0F -1 )
_ : S 0.6 -
_20.8_— ] g
g | |8
Soak — nditon c= n b5
gosf Coading tme 54 9 . g 0.4+
8 [ — Loading time 300 s ] f—;
204} —_ Load?ng t?me 600 s . E
= 3 —— Loading time 800 s E o
S I Loading time 1200 s 2 0.2-
&)0.2_— -1
. 0: ] 24s
R T R R B T 0.01 T T T T T
Element number r-direction 0.0 0.2 0.4 0.6 0.8 1.0

normalized radius r
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Reminder: gas release diffusion experiments ﬂ(".

Procedure: s o
1. Specimen placed in defined volume enclusure LE ,—E -
. . . gauge (10 Pa)
2. Load specimen with hydrogen at defined e |
conditions (T, pyy) ' Vacuum
3. Swiftly evacuate gases from enclosure withbemer _ - pume
4. Measure pressure increase p(t) in enclosure hydrogen, ‘
specimen Power supply
= Sieverts' constant can be deduced from final pressure e Simplified scheme
) . . of gas release
=> Diffusion constant can be deduced from pressure rise phase ... experimental setup
4 loadphase release phase @b Jan heatable
o | ! ’ ‘ \§i‘“’:’ enclosure
o g ' _ Il (containing
? p _ main specimen)
n .= i valve
L < :
S O ! -\
O T 5 N g CAD study of
5 5 ! =5 = gas release setup
3 é i I;) \1—’"]""“ (main parts)
& 3 a —
! pressure
i : { gauge
" Time o
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1.: Description of setup of an Isovoluminetric Thermal ﬂ(l'l'
DeS O r p t i O n EX p er i m e n t Karlsruher Institut fur Technologie

Z-axis

Upper cup, bod “Active” boundary of body 3

\ “Active” boundary of body 4,

| ' the specimen (Eurofer)

Specimen, ¢
body 4

“Active” f body 2
Hollow cylinder, ctive” boundary of body

body 2
“Active” boundary of body 1

All other boundaries vacuum
Lower cup, body 1
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1.: Physical description &J(IT

Karlsruher Institut fur Technologie

T=573K
B [ —— S L L I R S R R R
. . aseous molekular 1000.0;— —— p(t) time dependent pressure 3
"atomar" intstitial g : — Lozding nerval, ]
Pumping interval t, g
. o .\. \ .’. _ 100.0F Gas release interval t, =
[ C E
—_ X >—e a -
T_Tabs ¢ \.\' S jook .
. T=T / I @ § E
. * abs o -
1.0F -
— E E
p=—D A'grad ¢ -~ E ]
* Oy
0.1F o 3
de \ Eh e e o
« ACE= at f 0 7000 20'00 30'00
. “grad P"=0 Experimental time
- .

Removable cup

“Velocity” of mass transfer by diffusion constant D g
Heater
Ratio of densities given by Sieverts” law diamater, 00 mir tangth
(phase equilibrium) g

Pressure Gauge

Pump connection
with valve and gas

inlet Calibration volume

c = ks\/Dr

Thermal couple lead
through
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2.: Simple analytical Solutions \\‘("'

O . Karlsruher Institut fur Technologie

Without re-diffusion, complete outgassing, csgmpie =

_ Vsa Kssa\Pload RT
br = Pend + Vv — v
haad e g c sa
t—oo switching of f cha\r-;tber sa?i;le
pump

With phase equilibrium, mass conservation (number of “hydrogens” in atomic interstitial and
molecular gaseous state constant) and non interacting confinement condition, currently unused:

2 (Vc Vsa) 2 Pend Ve—Vsq)
0= (V ) + Vekssa VDr — (VSks,sa /Pload + dRT )
="x"

o o= 2 (Ve=Vsa) _(Pr—Pena) Experimentally difficult realization of
554 RTVsq ~/Pload —Pr boundaries, no statement about diffusion
constant

/—1 + 1+ ( 8(V Sa)\/ Pload 16 pend(Vc — Vsa)2> \
— “ 2
pjf o neg.sqrt RT ks sa (R T V:saks,sa)

\ (o) /
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3.: Structure of differential equations:

SKIT

a C a d (l) . . Karlsruher Institut fur Technologie
0_ = D, Ac ot = D¢y Ad(l) , 1 =123 Analytical 1d: Sedano, Perujo (1999), Esteban
t Douglas (2001) , Eichenauer Pebler (1957)
A 0?2 N 1 0 N 0?2 N 1 9% Hattenbach (1961)
=— 1t — —- Analytical 2d: Eichenauer, Pebler, Witte 1965
or? r dr 0z? 1r? d¢? N
| S ——
=0
z Vacuum
C(O STS Ts,2 = iZS' Vt) = ks,sa V p(t) o |z, &< Body 3, d(3) conzentration,
«-r-—z—m% cérc:lar2 c;(p;)nlate .
. . - Body 2, conzentration,
c(r =15 z| <z, Vt) = kssa p(t) —Zg “T hollow cylinder
d(l)(T < Ve Z = _Zci:Vt) = ks,cu vV p(t) =
, i i
—r — L7 < 7. — / -+ N
d(2)(r = 1ep, =26i< 2 < 2, Vt) ks,cu vP(E) Zs~ ™\ Cylindrical specimenen with
. conzentration c(r,z,t), body 4
dR)(rei ST <7150,2 = F2,,Vt) = ks,cu vV p(t) I : pimensions : £z, s

: Hydrogen atmosphere
d(3)(7’ = TcorZ = Z¢i Vt) = kS,Cu Jo(t) / removable

(possibly 97% He, 3% D or H)

Body 1, d(1) conzentration
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3. Structure of differential equations '&‘(IT

M b [ 2 9 ¢ )d
— = — 4T r—c(r,z =2zt r
dt @ “ 0z S
0 symmetric
Zg 0 . z Vacuum
- 2m rsta f_Zs 5 C(T =T 2, t) dz o |z,, & Body 3, d(3) conzentration,

-"'"_-_z_m_—_r—’c':/ / circular cup plate

I " ~ "
superficies surface of specimen —— _| Body 2, d(2) conzentration,
— = Zg—, hollow cylinder

- 21 Dy forco r % d(1))(r,z = —z,, t) dr

circular aerea of body 1

o

Zgi @ S
-2 rCiDcu f ;l 5 d(Z)(T‘ =Tci, %, t) dz ——a P Cylindrifaltspeczmegen with

~4ci, conzentration c(r,z,t), body 4

superficies surface of body 2 —_— = Dimensions :  z, rs
S —— 2 -7
Tco d leo |"Zoo ‘ Hydrogen atmosphere

-2 Dcu fO r E d(3)(7', Z = Z¢j, t) dr removable

(possibly 97% He, 3% D or H)

circular area of body3 _
Body 1, d(71) conzentration

t
dm
PO =Puarct by [ 05
gaseous<

RT gps
/Vgas L%t2 interstitial
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4.: Results of numerical solution %(IT
—

T=773 K, Cu containment with Optlfer specimen, 13. 5. Karlsruher Institut far Technologie
chamber dimension 80 mm to 40 mm diameter, p, ,, =3 10° Pa, improved gradient calculation

rrrrrfrrrrrrrrrrrrrrrrrrrrrrrrr ot

30 x 60 elements

0.8 -1
TU‘ L .
o6l -
o | i
=2
(72} B .
o 1 i
o . -
04} Only Cu-containment, former 30 x 10, 10 x 80,
% i SIO x10 elements, now 40 x 30, 30 x 80, 40 x 30, N u merlcal artefaCtS
o | elements i
e | —_ Only specimen, former 24 x 60 elements, now | Development, T=773 K, Cu cont. WIth Optifer specimen

0 500 1000 1500 2000 2500 3000 3500

Only Cu-containment Release phase time [s]

—— Only specimen .
— Containment and specimen

0.2 — Containment and specimen chamber dimension 80 mm to 40 mm d|ameter Ploag = 3 10° Pa, improved gradient calculation
—— Starﬁng pressure [ LI} T T I T L l LI B T I T T LELJ l LI T T I L T LI I LI T T l T J
________________________________ 0.8} P
o) W EPEFEFINI EEFININES NEFETINE AT IFEFEAT IS A i i |
0 500 1000 1500 2000 2500 3000 3500
Release phase time [s] _ i g
© i e |
Simpl ical di lculati L06 .
imple numerical gradient calculation —0.
T=773 K, Cu containment with Optifer specimen a2 E
12.5. 2019, chamber dimension 80 mm to 40 mm diameter, p,__ =3 10° Pa E = o
A Q_ .
0.8 T T T T T T T T T T T T o 041 = Without mean, free slope —_
[ § - With mean, free slope .
I I o - — Without mean, dm/dt>=0 :
=06 J o — With mean, dm/dt>=0 1
& r : 0.2 -
o L .
3
3 - -4
504 = L l
% 0 [ Ll il 1 l Ll Ll l Ll L 1 l Ll Ll 1 l Ll Ll l Ll 1l l Ll 1 L l il
<@
)
o

(=]
i

0n.;;l.nxxln.;xl.n;xlk.;; PN S S [ S 0 T N A Y T Y

0 500 1000 1500 2000 2500 3000 3500 4000
Release phase time [s]
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After finish of holding time 3 kPa

T=573K
P L B A B B
2 [ — Containment cylinder ]
'c 5 Specimen cylinder 1
2osl .
Fali § :
< [ ]
3 06l ]
5 0.6 I ]
k= | ]
c |
2 041 -
8 ]
< [ ]
8 0.2f J
c 5 i
Q | ]
o 1 ]
0.0 N N N T
0 20 40 60 80 100

Element number r-direction
After finish of gas inlet 3 kPa

o

Concentration in arbitrary units

1 g e
> [ ©

et
[}

g
o

— Containment cylinder

T=573K
T T T T T A

Specimen cylinde

0.006

0.004

0.002

Concentration in arbitrary units
o
o
o
(=}

9

20 40

60 80 100

Element number r-direction

Starting distribution 0.1 Pa

T=573K

— Containment cylinder
Specimen cylinder

L PRI S L L
20 40 60 80 100
Element number r-direction

Gas release Experiment:

= 100
o,
o

3 10
Qo
o

]

0.1
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Result of 1D solver r-dependency.
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After finish of pumping time 0.1 Pa
T=573K

o
w

T

LA N B B S B B B S B B B B N

centration in arbitrary units
o o
—_ N

L — Containment cylinder ]
- Specimen cylinder

o
o

1
0 500 1000 1500 2000 2500 3000
Experimental time [s]

z Vacuum
Teo  |Zgo *
=7 | i~ =
—_— . c
| - Cyndrical copper =
£ .
P containment >
= ©
S
=
Ko}
simplified x-axis ©
|
i £
=, ~Cylindrical e.g. Eurofer =
i c
= specimen oy
e ] Dimensions : £z, rg Q
e i N 8
feo ,'__ZC_“_/ﬁydrogen atmosphere
removable

(possibly 97% He, 3% D or H)

0 20 40 60 80 100

Element number r-direction

After finish of release time 2000 s
T=573K

©
o
o

0.06

0.04

©
o
™)

0.00f-

— Containment cylinder -
Specimen cylinder

20 40 60 80 100
Element number r-direction
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P L A B LR B B
Sosf . \\‘(I I
c ook — Middle of specimen ] Calcu Iatlon tl me 2 D Karlsruher Institut far Technologie
% L Middle of cylinder barrel (2) J , .
o 3 — Middle of buttom cup (1) 1
s f 1 35, inverse problem
2041 ] | |
Y \ approx. 440 days odf ]
0.2 - S | |
: I\ Ucl accuracy=10% £ | .
0_0_| PSS I ErE———— = e I g | — Middle of specimen 1
0 10 20 30 40 50 g Middle of cylinder barrel (2) ]
Element number r-direction 3] — Middle of buttom cup (1) A
s |
1o, P e ] "gasrel" VeXion 24, T=773 K, Cu containment with Optifer specime .2 ]
L i chamber dimegion 80 mm to 40 mm diameter, p, ., =3 10° Pa, specime 6 mm x 60 mm 8 A
: : 1 I I E |
50.8} - ]
=hid! 1 AN
g -1 \ ]
ch 0.6 [ —— Middle of specimen ] =3 I T S T B .
2v°r Middle of cylinder barrel (2) 30 40 50
8 I — Middle of buttom cup (1) . Element number r-direction
Soaf .
© - ]
9 -
[ B
Co.2f
ool,_l | I I R S R
0 10 20 30 40 50 0 1000 o goooh ; 3000 4000 i . T T T T T T T T T ]
Element number r-direction elease phase time [s] 0.08k i
B e e e o e e LI e e e o e e e N | ]
0.03 [ | z Vacuum c - )
| i oo |7., &= Body 3, d(3) concentration, S - i
c | | /’Tﬁ mrcular cup plate . g 0.06 _— —-
2 | ] |- Body 2, d(2) concentration, 5
g 0.02k i 123 hollow cylinder % : :
§ | ] 0 0.04F — Middle of specimen ]
g i 1 | g : Middle of cylinder barrel (2) :
9 I E S » © | — Middle of buttom cup (1) ]
® ' = 30.02f -
> - Mi i -
k= 0.01F M!ddle of specimen - =Zs~ ™. Cylindrical specimenen with ~ [C - E
ks L Middle of cylinder barrel (2) E - concentration c(r,z,t), body 4 - T
(0] L — Middle of buttom cup (1) g _ NJ Dimensions : £z, r - 1
c o ] L 0.00F .
oo |~ Zoo 5 Hydrogen atmosphere IS NI RIS S —" S " R
i 1 femovable 0 10 20 30 40 50
0_| P PR S B B TP (possibly 97% He, 3% D or H) Element number r-direction
0 10 20 30 40 50 Body 1, d(17) concentration
Element number r-direction
10 25t of June, NUMERICAL ANALYSIS OF AN ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT MET/INR/Maschinenbau



Releative concentration

Releative concentration
o © o
» (2] 2]

o
N

o
o

0.03

0.02

0.01

Releativ concentration

11

"gasrel" Ve

Calculation with 2D

Version 24 with 13500
elements

chamber diment:

on 24, T=773 K, Cu containment with Optifer specimen
80 mm to 40 mm diameter, Pioad = 310° Pa, specime 6 mm x 60 mm

:||||| ol Au

0 ) N S S S S S S S S S S S S S S S S S S S S S
8_ -
6-— — Middle of speci ]
i Middle of cylinder bang| (2) 1
[ — Middle of buttom cup (1) ]
4_ -
2_
_0- rrsrstl SFEFERNE ENUPERETE ENERETET BN APEFETINS ENEATAT I
0 20 40 60 80 100 120 140
Element number z-direction
e LG B L i i o o e e e
| — Middle of specimen A
i Middle of cylinder barrel (2) 1
[ — Middle of buttom cup (1) ]
|||| MNP
0 20 40 60 80 100 120 140
Element number z-direcjon

/

—— Middle of specimen
Middle of cylinder barrel (2)
— Middle of buttom cup (1)

0 20 40 60 80 100 120 140
Element number z-direction

R
Body R
Specimen | 30 150
1 50 40
2 50 100
3 50 40
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0.3

0.2

— Middle of specimen

Middle of cylinder barrel (2)

— Middle of buttom cup| (1)

N LI L L B D B e e L L B L

Releative concentration

0 20

60 80 100

120
Element number z-direction

140

T
0.10

0.05

Releative concentration

0.00

N

Middle of specimen

Middle of cylinder barrel (2)

Middle of buttom cup (1)

0 20

40

60 80 100

Element number z-direction
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Comparison with analytical solution: \\‘(IT
Results for chamber 40 mm dia. and 80 mm length, Optifer a‘:"’m”‘ forTechnologie

Pioag =3 10° Pa, integration time checked 1 ms, 0.5 ms, 0.1 ms less than ‘/moo deviation

p, [Pa]

:""I i L | ' L | ]
10.5F ]
10.0f ]
9.5F .
9.0F .

o 51_ — QEZKIEZ: :ZEE:I v:",f:}? Sgg,‘iﬁjg,”jn'"” _ Results for cham?er 40/20 mm dia. and 80 mm length, Optifer cyli1nder 60 mm x 6 mm
“ —— Numerical results (forward) ] Poag =3 107 Pa, integration time 1 ms, 0.5 ms, 0.1 ms less than '/, deviation
80-— _‘ i 1 1 IIIIIII T T IIIIIII T T IIIIIII 1 1 IIIIIII ]

A | L Ll L o aaaal L ]

1x10° 1x10* 1x10° i 1

Number N of FDM elements o i |
o
| —
o

0 0-10 2 g

= - .

g f ]

o - J
| .

© . -0.493
< - isotrop Az/Ar=1, Ap /p, ~ 13N .
DsaAt = . r 0.42
10711 <« —— < 10°° g 0.01 — non isotrop 5< Az/Ar < 13, Ap /p~ 3.5 N

VIE . -0.428 B

Az < F—— non isotrop Az/Ar = 20, Ap /p ~ 3.08 N .

[ . . -0.44N\_ ]

| — non isotrop improved solver Az/Ar=20,Ap /p ~2.95 N i

1 1 IIIIIII L L IIIIIII L L IIIIIII 1 1 IIIIIII
2 4
1x10 1x10° 1x10 1x10° 1x10°

Number N of FDM specimen elements
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Small excurse to solver algorithms: _\\J(IT

1D forward Euler

_ DAt
c(i,t +At) =c(i,t) +

(c(i +1,t)+c(i—1,t) — 2c(i, t)) +

A Ar?
t

. ((c+1,0)—cli-1,0)
2D improved forward Euler:
c(i,j, t + At)

- D At . . . . . . N

=c(i,j,t) + XUN Ri+Dc(+1,j,t)+QRi—Dc(i—1,j,t) — (4i)c(, t))
D At
s ((cGj+1,0)+clj— 1,0 = 2, ))
Desired: Backward Euler solver, e. g. 1D cartesian:
-1
0 1
e -D* 1+2D"-D"
D" -2D" D -D* 142D"-D*
D*-2D" D -D* 1+2D" -D*
S 1= ok + Ok E|)<+'| = ° 1--2DD* ‘1-E)ZD* .D* ET(
D*-2D* D* ‘.
0 -D* 132D"-D*
~__D At
D=—Ne 1

2D n x n x m tensor ?
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4.: Results .&‘(IT
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"gasrel" calculation with 6400 specimen element and 1800 conf. elements
14 halftimes reaching endpresure (0.1 Pa)

_I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 )
‘© 10 -
o 10
[ - _
| .
-
) = -
%)
o
Q | —— "gasrel", pumping half time 1.25 s, with confinement ]
© 5k - "gasrel", pumping halftime 10 ms, with confinement -
s —— "gasrel", pumping halftime 1 ms, with confinement
o i "gasrel”, pumping halftime Os without confinement y

i —— Open foam solution without pumping, without confinement |

Open foam solution without pumping, with confinement
0 'i' | | | I | | | I | | | I | | —

0 1000 2000 3000
Time of gas release phase
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Release presure [Pa]
N
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T=773 K, Cu containment with Optifer specimen

chamber dimension 80 mm to 40 mm diameter, Pioad = 310° Pa, interstitial-molecular

HI L) L) 1 L) I 1 1 1 1 I 1 1 L) L) I 1 1 L) i
[ - ]
%
A p ]
s p ]
— § —— Copper containment (1) =
i ] — Only specimen without confinement interaction (2) ]
- Confinement and specimen, 1.74 pa + 3.44 pa <> 4.76 Pa -
C — — Direct sum of (1) and (2) =
] _
f ]
1 1 L I 1 1 1 L I 1 1 1 1 I 1 1 L
0 1000 2000 3000
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Release phase time [s]

Total pressure He & D, [Pa]
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m T —TTT T
0.814}- m
0.813|- ]

0.812|- .

Pressure [arbitrary units]

0.811- N

0.8107"""' . ]
1x10* 1x10°
Number of elements

Choosing starting pressure:

. 5
Weak pump, half time 10 s, total pressure 10 Pas, 3 % D2
. T =773 K, standard Optifer specimen, Cu-chamber 40 mm dia, 80 mm length
1><105|...|...|...|...|

1x10°F E

1x10°F 3

1x10'F E

=~ Start 3333 Pas, partial pressure 100 Pas
— Start 333 Pas, partial pressure 10 Pas g

(0]
1xX10°E
F Start 33 Pas, partial pressure 1.0 Pas  J

[ — Start 3 Pas, partial pressur 0.1 Pas
1] A P M M P )
110 "To00 2000 3000 4000 5000 5000
Time [s]
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Results for conception of experiments

Partial release pressure [Pas]

Partial release pressure [Pas]

N
(=}

(o2}
(=}

(o
(=}

20 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

N
o

w
(=}

N
(=}

Complete Cu containment with specimen
— — Complete Cu containment only
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only

UL LA L L LI DL =

HIIIIIIIIIIIIIlIIIIIIIIIlIIII-
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10 e —
-
0 L L L L I L L L L I L L L L I L L L
0 1000 2000 3000
Time [s]
40 mm diameter, pumping halftime 0.5 s, 773 K Copper or Boron
Total start pressure 33 Pas Silicate glass
10 L B S B S S A I Diameter
sk ] N
6 [ Complete boron silicate glass containment with specimen__ £
- Complete boron silicate containment only E 1S
[ ] 3
4 — =
2 = —
[ ] Copper Il
0 M RS T I S S R Lead through for gas
0 1000 . 2000 3000 pressure gauge and |
Time [s] thermal couple 6 mm
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40 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

w
o
1

Partial release pressure [Pas]
n
o

—
[=]
I

Complete Cu containment with specimen]|
y — — Complete Cu containment only T
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only .

———

—
&)

&)
o QX T T T T T T T T T T T T T T

2000
Time [s]

80 mm diameter, pumping halftime 0.5 s, 773 K

Total start pressure 33 Pas

Partial release pressure [Pas]
=

ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT

-——

Complete Cu containment with specimen
— — Complete Cu containment only
Cu basemant with BS cup with specimen
— — Cu basement with BS cup only

————

R
2000
Time [s]
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5.: Outlook to analytical solution

Solution in the charging interval

o{r,20) =k P 2 61 exp(-¥2a)oos{ 20+ 7 23,04,

m 7(2n+1)X 3, (%)
where
2n+1)? 71 . o
y2 =D, 2 ( Z , J,(X) (a=0,1) Bessd functions of the first kind,
I 4z
X the m-th roots of ‘Jo(x)' Concentration for z=0, at different times
1.0 -
[&]
c 0.8+
.°
T T T 1T T T T E
1.0F -1 )
_ : S 0.6 -
_20.8_— ] g
g | |8
Soak — nditon c= n b5
gosf Coading tme 54 9 . g 0.4+
8 [ — Loading time 300 s ] f—;
204} —_ Load?ng t?me 600 s . E
= 3 —— Loading time 800 s E o
S I Loading time 1200 s 2 0.2-
&)0.2_— -1
. 0: ] 24s
R T R R B T 0.01 T T T T T
Element number r-direction 0.0 0.2 0.4 0.6 0.8 1.0

normalized radius r

17 25% of June, NUMERICAL ANALYSIS OF AN ISOVOLUMETRIC THERMAL DESORPTION EXPERIMENT MET/INR/Maschinenbau



