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Pressure (permeated Q)

.. Q-PETE (hydrogen permeation transport experiment) ﬂ(l'l'
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Time dependent non zero Q-concentration near measuring

S system (gauge or QMS) generates deviation from linear
behavior.
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Simplified Q-PETE experiment AT

Ra 0.41 pm

R 299 hm specimen (metallic membrane)

Rt 4.09 pm pure Ar
Baffle surface Wi,

Ra 0.36 um pure Arj,

Rz 2.21 pm dm

Rmax 2.38 pm Ar+Q out

R 2.42 . —

t um - pur AR + Qi
_ X
Sea“ng face out let to vacuum :I
/
retentate chamber permeate chamber \/ QMS (gadrupole mass
spektrometer)
heated up to 600°C, in vacuum tank /\ X(t)

pressure gauges for both chambers

Flow meter m

F,
\

Vacuum storage

Retentate (primary) chamber
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2.: (FDM) analysis: Before beginning of _\l‘(“'
experiment: Purging with pure Ar:

specimen (metallic membrane) The stored Q is generating a
constant assumed offset
permeation. The membrane

pure Ar; i Q ¢pure Ar is in diffusive contact with the
L two volumes, equilibrium
pure Ar g ¢ — | AT +Q ot Pormser) state given by Kg .

retentate chamber permeate chamber

joffset Ptot
r

Joiset determined by QMS, specimen saturated with Q, no Q is additionally
stored or emitted, p,,; absolute pressure in both volumes by pressure gauge,
my,- by mass flow controller @RT
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FDM solver: Boundary conditions after start of experiment: _\l‘(l'l'

specimen (metallic membrane)
Arwith Q;, » < pure Ar;
in in
1..Q
out Ar+ Q oyt

retentate chamber permeate chamber

C(x —0t> toff) = c(l,t S toff) = ¢(0) Partial Q-Pressure in retendate

FOM chamber, surface concentration
= Ks \Proad linear increased in 1 s after t

Jotiset aSSUMed constant,

generated by thick structures

. _ + . thickness more than 20 mm

Jmessure = Joffset Jperm (1.4404), emitting into vacuum

frommembrane also , membrane around 1.2
mm thickness.

poffset < Pload
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FDM solver: Boundary condition of permeate (secondary)
membrane side after start of experiment \\‘(IT
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wi 1 5c(xX = Wi, t > tors)

Jmeasure = joffset + - Deff = joffset
4 ox oy
D wi 1 c(x = wy — 4Ax,t > torr) — c(x = wiy — 28x, 8 > topf)
eff 4 2 Ax
* Pto
C(TL t > toff) - \/measure ﬁ

AX =12 pym (=d, /n) from discretization of membrane in thickness direction normally n=100
elements, first element on retendate side, nt" element on permeate side. a=1 for homogeneous
purge gas inlet, a=2 for point shaped inlet

Transient FDM-solver (any textbook):

**)  c(i,t +At) =c(i,t) + eff (C(L +1,6)—2c(,t)+ c(i—1,1))
I = 2 ....Tl— 1,t > tOff
Pseudoadaptive time integration step (saving calculation steps and
decrased step length in transient region) algorithm: ,
%
At is varied 2 At for t<t;, 0.2 - 0.5 At fort <t + r,else At =At,,, 7= D—mnz
eff
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Used FDM-SOR-step (successive over relaxation) %(IT
;;

c(i,t+At), = @ (c@t+At)—c(@t) +c(t), 0<w<2
SOR

Optimized o with Eigenwertanalysis of (*, **), only proposal: Translation of (*, **) into
matrix, calculation with QR method for .., now only o=1.1 carefully is used.

T=673 K, Optifer, 150 Pa, w _ =125 mm, d_ = 1.2 mm, 30 ml/min T=673 K, 150 Pa, 30 ml/min, toff=403
o SOR parameter, n=100 wm=125 mm, dm=1 .2mm, n=100, t=19s
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g 1x10 ? A ! ; I| ||:: :;I -—= C(n-1 s t) - C(n; T)s ® =0.25 ?E © [ 0 ElgrOnent :Smbers{z\xﬂg?,lm " |
= : ’.]:_ G ;::: c(n-2, t)-c(n-1,1), @ = 1.1 ; i ' ]
-11 TRt c(n-3, t)-c(n-1,1), o =11 - 1-60s, 98"-96™ element -
T W AT
1x10 EE- :': ;':'::h::l:ll':':: ::” :: c(n-4,1)-c(n-2,t), ®=1.1 -? 0.05 - —— 11505, 100"-99, elemerT |
- ::l |:"I::=:|:|:I:I:|: I::} :: . 1=150 s, 99"-98"element |
1X1 0_125 1 1 1 1 !:ll::”!!ml:ll!:::! :IH |& 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 H - 1:150 s, gg‘h'g-/'helement:
0 50 100 150 200 250 0.00 | IR U TR TN T N T T TN S s S o T e |
Time [s] 0 20 40 60 80 100

Element number, Ax=12 um
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Comparison T-Map, Crank Nicolson and FDM
673 K, 2.5 10°m°/s, 280 Pa, 1.4 10°Pa, D,,, 100 elements

_[ LI LI I I L] 1 1 I L L] ] L] 1 Ll T I 1 L LI 1 I 1 1 LI I-

1.5x1 0-9 1 1.70x10° —— T T T ]

: F1.65x10'9‘ 1 :

L E y

-9 — 9f -

w 1 OX1 O e 1.60x10 - —
[s) I : 1
& I 1.56x10° — 365 Z70_ 280 290 300 ’
: B Time [s] o
— T-Map .

5.0x1 0'10 Crank Nicolson (100, 99), a=1 -
=== (Crank Nicolson (98,96), a=2 -

== (Grank Nicolson (98, 96), a=1 .

—— Crank Nicolson (99,98), a=1 .

—— FDM (98,96), a=2 )

0.0 I ] 1 ] 1 I 1 | ] ] I 1 ] 1 | I | ] ] ] I 1 1 | 1 I ] ] ] 1 I-
0 50 100 150 200 250 300

Time [s]
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3.: (Branch and Bound) B&B algorithm
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Four desired variables: D c(0) (res. K;), t,sand . Serial treated within a super
cycle. No explicit formulation possible, especially Daynes solution, comparison
between measured permeation curve and “synthetic” graph from FDM module:

N2 \)
var(s=0) —4"synthetic graph" FDM var(s#0) le "synthetic graph" FDM
l N P |
Ty
which graph
BranCh is the b;;ter one

moving direction
of var good
decreasing x2?

€ multiplied by

Initial values by analytical first order
approximations

- 0.5, amount of €
high enaugh?

Abort criterion
"tolerance"
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Yes super cycle bounds
"1 torss topr t €
21 Defr; Depp (14+€) | Deps >0
ves 3.1 ¢c(0);c(0)(1+¢€) |c(@>0
4. Dopp,c(0); Dopp (1+€), | Jsteaystate
q0)/(1 +¢) = const
O. | Joffsets Jofrset 1+ &) |Joffset >0
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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_ = 1.2 mm, w,_ =125 mm
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3 | |
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B&B: Determination of initial values:

J(t) in arbitrary units

Permeation
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n
J
. 1 .
Joffset,initial = n_ J () measure
] =
1=1

D din
eff,initial 2 Atd

Coff initial = tl/z — 1.25 Aty

Aj = jsteady state — joffset,initial

c(0)initiar
A 4d,

Aj Prot
Mtherm Pload

2
Wn T Deff,initial
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Example for 2 -\l‘(IT

Optifer 573 K, 0.15 kPa partial pressure, 11" run

w=1.1, tolerance=0.001, At=10'4 s, 100 FDMes, wm=0.125 m, dm=1 2 10'3 m

_2 N I | 1 | | I 1 1 1 1 I | 1 1 | I 1 1 | 1 I —
1x10 [ 1
i \ = Data with re-diffusion, B&B and FDM analysis with re-diffusion i
'\ Data with re-diffusion, analytical analysis without rediffusion
= | 4
Al
=
S -
1x10 [ i
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 25 50 75 100

Super cycle
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Example to former slide, comparison with \\‘(IT
analytical Daynes solution and FDM results e e

Error according T.N. of 1 1" run

T.N. means Technical Note, Relative deviation means relative error mulitliplied by approx. 0.5
I | | | ] I | || || | I | | | ] || I | | | | I j

1x102

T Em TEm - - L - - - - - -

D .., Data with re-diffusion, FDM and B&B analysis_
with re-diffusion

c(0) FDM analysis with re-diffusion

Deff synthetics data with rediffusion, analytical
analysis without re-diffusion

¢(0) analytical analysis without re-diffusion

1x10

1x10™

0 25 50 75 100
Super cycle

Relative deviation of permeation parameter
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4. Expected advantage of Q-PETE setup: Influence on results *‘(IT
by differing purge gas flux in permeate chamber: o e

573 K, 30-240 ml/min, d_=0.125m,w_=1.210"m
At=10"s, 100 FDMs, w=1.1, tolerance=0.001

6.0x10 " MR R

3.0x10 "

Synthetic results without re-diffusion
Synthetic results 6m/6t=30 ml/min
Synthetic results dm/6t=60 ml/min
—— Synthetic results 6m/6t=120 ml/min
Synthetic results dm/dt=240 ml/min

Permeation [mol/s]

0.0 I 1 1 1 1 I 1 1 1 1 I 1 L 1 1 I 1 1 1 L I 1 1 1 1 I L 1

0 50 100 150 200 250
Time [s]
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Expected advantage of Q-PETE setup: Influence on results by differing purge gas \\‘(IT
flux in permeate chamber aiming a differing Q-concentration there.
. -3
573 K, Optifer,d_=0.125m,w_=1210 m
At=10"*s, 100 FDMs, =11, p, =150 Pa, p,,=1.5 10°Pa

6X1 O-Sj T T 1 1 | 1 T T T | T 1 T T | T T T T | 1 T T 1 | T —_
— 5x107 :‘ —:
c
e, _ i
46 C -
S 410°F ]
& i — 0m/6t= 30 mli/min -
© sk om/dt= 60 ml/min i
E3x10°F — 3m/8t=120 m/min =
c_és - om/ot=240 ml/min 7
5 2x10°F -
n B A AN A A~ -
= [ i
O 1x10°F -
O -I R N T NN T T T TR TR T N N T N NN TN NN TR S TN N N |_-
0 50 100 150 200 250
Time [s]
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Re-recognition of diffusion constant and
Sieverts constant,

permeation constants of technical note as true regarded, time dependent synthetic
permeation graph, analysis by FDM and B&B algorithm versus Daynes with B&B

5.4

5.3

5.2
% 5
N2 5.0
7, 4.9
= 48
4.7
4.6
4.5
4.4
4.3
4.2
4.1

10

ef

Result of D

15 Juni 27. 2018, DSL

Purge gas flux [ccm/min]
60

480 120 (

30

IIIIIIIIIIIIIIIIIIIIIIIIII“:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

f

"Desired" value of DC”

calculated and analysized
without re-diffusuion
o Analytical evaluated
without re-diffusion
Quadratic Extrapolation
By B&B and FDM evaluated
value using re-diffusion

Quadratic extrapolation with
FDM results: D_=4.76 10" m'/s
O

a

T=573K

(u i

10

--10

O rri

o

0.5 1.0 1.5
Inverse STP purge gas flux [1 0° s/m3]
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Re-recognition of diffusion and Sieverts constant _&‘(IT

Purge gaS ﬂux [Ccm/m|n] Karlsruher Institut fiir Technologie
480 120 60 30
L n" O
-
112 EE.
c\‘)l—|
i \ .
S R S
g | =
S I \\ - o
ol —
1 = = _5 m
© 1.08} o ®
S T S
O L " H " GJ
- Desired" value of ¢(0) 1
° i Calculated and analysized
5 without re-diffusion
N 104k o Analytical evaluated
ECII’ZD without re-diffusion

— Quadratic extrapolation |10

g By B&Band FDM evaluated l
value using re-diffusion

— — Quadratic extrapolation with,
FDM results: 0.0125 moI/mI

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1.00 0.0 0.5 1.0 1.5 2.0

Inverse STP purge gas flux [1 0° s/ms]
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Re-recognition of diffusion and Sieverts’constant
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Purge gas flux [ccm/min]
60

480 120 30
45 '——-ELE__
F . RS T©O
B ~ B e - ———— a
4.4 "Desired" value of ¢(0)
5 C Calculated and analysized
= - without re-diffusion
= - Analytical evaluated +-5
8 4.3F @ without re-diffusion
o [ —— Quadratic extrapolation
) - © o g By B&B and FDM evaluated
- 42F value using re-diffusion
—_ [ © Quadratic extrapolation with
S K — = FDM results: 3
© 41F ¢(0) = 0.045 mol/m
w 41r +-10
Purge gas flux [ccm/min] E C
40
| 1480 120 60 30 £ | T=773K
g | "~ S— T - 8t 0 3.9F
I - +-15
— 1 .O __ 3 8 [ I L L L L I L L L L I L L L L I L L L L
2 X 0.0 0.5 1.0 1.5 2.0
| ) 6 3
1S [ T+-10 8 Inverse STP purge gas flux [10° s/m™]
@ —
'c 09 o
ham B "Desired" value of D 5
b i calculated and analysized )
(|} i without re-diffusuion 4+ -20 =
— i Analytical evaluated ©
© 0.8 o without re-diffusion %
g i ——— Quadratic Extrapolation o
7] [ By B&B and FDM evaluated|
Clq'_') i = value using re-diffusion 4 -30
0.7 [ T=773K © Quadratic extrapolation with
' =— = FDM results: 8 9
: [+ D,=1.04 10" m’/s
0 6 [ I L L L L I L L L L I L L L L I L L L L ?-— -40
0.0 0.5 1.0 1.5 2.0
6 3
Inverse STP purge gas flux [10” s/m™]
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5.: Conclusion: '\A‘(IT

® With the here published analysis the influence of re-diffusion by non
vanishing Q-concentration in the permeate chamber containing the
measuring application is described.

® The Q-PETE experiment will be able to control re-diffusion

® The here told FDM model can adjusted for experimental deviation (e.g.
storage behavior of material) caused by numerical algorithm.

® Recognition error of B&B at the moment by 1%
® [t can extended for other applications which use transport equation

Outlook: It is planed to start Q-PETE experiment using FDM & B&B
algorithm. The future investigation of (semi-)analytical solution is desired

Thank You for Your attention !
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