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Abstract

The experimental method of concentration pulses applied for studying hydrogen permeability of construction materials is considered. An
algorithm of parametric identification is constructed. Parameter estimations for hydrogen transport in amorphous and recrystallized ferrum
alloys are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Experiment and mathematical model by traps, and bulk desorption:
2
The method of concentration pulses (MCP) is an effective ?(r, x) = D%(r, x) — axc(t, x) + azz(t, x), (1)
t X

method for studying hydrogen permeabil[tl;2]. A mem-

brane made of the studied material divides an evacuated ves-

sel into two parts. The temperature of the sample is constant.aﬁ(t’ x)=axc(t, x)—az(t, x), (1, x) € (0,)x(0, %), (2)
Atone side (input side) a constant pressure is provided. At the ot

other side (output side) gas is pumped out by a vacuum sys-

tem. Hydrogen is ad(ab)sorbed at the input side, diffuses, and®(@ %) = ¢(+). 2(0.x) = ¥(x).  x €[0,4], )
desorbs from the output side into the vacuum. Hydrogen pres- 2 dc

sure at the output side is measured with a mass-spectrometef$70(t) = bcg(t) = =D=- (1. 0).  co(r) = ¢(. 0). )
The desorption flux density = J() is calculated by using 9

the measured pressure. A splitter (a piece of glowing tung- wsp; (t) — bcf(t) = Da(r, A), o) = c(t, A). (5)

sten or a glow discharge device) is situated in the vessel with
molecular hydrogen in order to produce atomic hydrogen. Herec(z, x) is for the concentration of dissolved atomic hy-
Turning the splitter on and off with a certain period provides drogen,z(z, x) the concentration of hydrogen captured by
almost rectangular concentration pulses of dissolved hydro-traps,D the diffusion coefficient of dissolved hydrogem,
genin the sample near the surface. The period should be largé kinetic constants the sticking probability of hydrogen
enough, so that stationary values/aire obtained. molecules to the surface,for the desorptiongs, a, are the

Let us consider a model of hydrogen transport that takes coefficients of hydrogen capture and release by traps, and

into consideration diffusion, reversible capture of hydrogen po(?), p.(t) are for pressures of molecular hydrogen at in-
put and output sides of the membrane. The prespyris

low enough so that the concentrationg are relatively low:
* Corresponding author. Tel.: +7 8142 766312; fax: +7 8142 766313,  the model parameters depend only on temperature, their de-
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tions of the MCP. If the vacuum pump is powerful enough Tho Jh,

we may neglect hydrogen return at the output sjdgs; ~. Eﬁ =Qo+ 01=1] —+ —. (10)
Output desorption flux density(r) = bcf(t) is determined b D

as a solution to the integral equation using the presgui®. )

The boundary condition@), (5)describe the balance of ab- Eqs.(9) and (10)orrespond to turned off/on splitter respec-
sorption, desorption, and diffusion fluxes on the surfaces. If tively. o S
hydrogen can be accumulated on the surface of the sample Statlonary oscillations do not depend on the initial d|st.r|-
(the surface desorption), Eq&l) and (5)may be replaced butlon_s(3). Let us e>_<pand the conc:_antrathns on the period
by dynamical boundary conditiori8,4]: differential equa- of stationary oscillations to the Fourier series:

tions for the surface concentrations. We assume that the

pressure at the input side is constapg(t) = po. Model +00

coefficients are Arrhenius with respect to temperature, e.g.c(t, x) = Z cn(x) explinwt},

D = D(t) = Do exp{—Ep/RT}. The MCP experiments are —00

held at constant temperature; thus temperature dependence +00
is not important in the discussion and is not mentioned in the 7 (¢, x) = Z Zn(x) explinwr}. (12)
following. The stop time* is chosen so that the oscillations —o0

of the output flux reach a steady state. Let us specify the gen-
eral mode(1)—(5)for the MCP. We assume that the transition Substituting these expansions to E({9.and (2)we obtain:
processes at the input side are quick both when the splitter is

on and off: atinw

c (k?'[’ (k + 1)7[) ’ (6) inwcn(x) = DCZ()C) - mcn(x),

v Zn(x) = ﬁ ). (12)

c(t,0) = Qo + (—1) 01,

co=0Q0— 01,  =0Qo+01, Qo>0Q1>0, _ . .
The general solution has the form (the choice of a voist

co = \/(uspo — J)/b. (7) not important)

In the model of stepped near-to-surface concentrg6d(it
replaces boundary conditig@)) the numbersQg, Q1 de-
scribe the splitter efficiencyy for the oscillation frequency, o (a1 + ag)inw — (nw)?
co, E"O for the concentrations of dissolved hydrogen near the - D(inw + ap)
surface of the input side while the splitter is on and &ff,]"

for the appropriate stationary values of the output desorp- Denote byJ,, L the Fourier coefficients of the functions
tion flux density. The chosen frequenayshould be small ~ J(2), L(t) = J/J(7):

enough in order for the flux to reach these levels. The val-
uesQ; are not given, we know only how the concentration w7
changes in time. Eq7) is obtained from(4) and (5)if the n) 27/:
splitter is off, so that/(r) reaches its lower stationary value i
and the concentrations in the bulk become linear with respecty, ,, = ﬂ/ L(7) exp{—inwt} dr.
to x(Dcy (1, 0) = Dex(t, M) = —J, pspa(t) = 0, J = bc?). 21 Jig

cn(x) = A, explAx} + B, exp{—Aix},

, A,, B, =const (23)

J(z) exp{—inwt} dr,
0

Using the expressions fof (1), ¢, (A) from J(r) = bcf(t) and

2. Algorithm of parametric identification (5) (uspy(r) = 0) we obtain:
Firstly we shift the time origin: the segment, Br/w] A, + B, = c,(0),
corresponds to the period of stationary oscillations. If the L
output flux is stationary, the concentration distributions in } An €XP{AA} + B, exp{—Ad} = NG (14)
the bulk are linear (in Eqq1)—(5) all time derivatives are .
zero,t, = km/w): Ay expiar} — B, expl—Ar} = Dr
c(t, x) = J (1) (- = x) + ](’k)’ (8) Rewrite the stepped dependef@pofthe input concentration
D b ontin the form
_ J JA — On—i -1 axpli
co=Q0o—01=1\/7+ 7, 9) c(t.0)=Qo—iQ1 Y  2@m) *expflinwt}.  (15)

b D n==+1,43,...
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We obtain c,(0) from (15) using (8)—(10) (below L=
VI, LM =" X = D/V/b):

_ X D) AT 4T
n(0) = Qg = X(L +L2)JISA(J +7)] n
cn(0)=0,n = 2m;

0;

X(L"—L)+a(J" —7)]
Dnrm

n=2m-—1

)

(0= 222 = 1

nim

Substitutinge,, (0) to (14) and eliminatingA,,, B, we obtain
after transformations:

—2J () SiNhQ.A) + AA(J" +T)

= X, =0, 16
AM2L ) coshgar) — (L + L") (16)
—Jimy Sinh@) D
_— = . = —, = 2 N 17
AL,y cosh@a) Vb = (17)
nt iy SINQA) + iAA(J" — J)

=X =2m— 1
W(L — L") —nwLyy coshgn)] — 0 T
(18)

Let us denote the left-hand side by a fraction

Fi[n, AM(n, D, a1, a2)]/ F2[n, A(n, D, a1,a2)]. The dif-
ference of these fractions must be zero dud 6—(18) This
allows to use the following object functions for determining
D, a1, a2 (X = ReF1/ReFy = ImFy/ImFy):

281

IN(G(1,3, D,p,agy ™= s

In(a) 2 -15 -20

Fig. 1. A false minimum of the object functidfi9), model data.

G(1,3,D,a1,a2) + G3,4, D, a1, ap) (Figs. 1 and 2 The
reason is that the ravine’s direction depends on evenness of
the harmonics.

Here is the computational algorithm of parameter identi-
fication.

(i) Consider the model with no trapsiy =a2 =0 in
Eqg. (1). EstimateD by solving a one-dimension op-
timization problemG(ni, n2, D, a1, a2) — min (A =
»/inw/D). One should choose the harmonics of differ-
ent evenness, e.g; = 3, n2 = 4. Obtained estimate of
D is lower than the reaD.

Fi[ni, A(n1, D, a1, az)]  Fi[nz, Mn2, D, a1, a2)]
Gi(n1,n2, D, a1, ap) = ‘ — , 19
( ) Fo[ny, AM(ny, D, a1, a2)]  Fa[n2, A(n2, D, a1, a2)] (19)
1 /ReFi(n1) ImFi(n1)\ 1 /ReFi(ny) ImFi(n2)\1?
G ,n, D, ay, = |= - = . 20
2(n, n2 a1, a2) {2 (Rer(nl) ImFo(n1) 2 \ ReFs(n2)  ImFo(n2) (20)

If there are no noises, the minimal values of these func-

tions are zero. The first object function is used for rough (i) Consider the model with traps; 0. Increased from

search in the wide range of parameters. The second is used

for further improvement. Providef), a1, ap are given, the
complex of parameter&X = D/+/b is better determined
for the harmonics with even from the expressiorX =
(ReFi(n)/ReF2(n) + ImF1(n)/ImF3(n))/2. Thenb may be
obtained fromX andD. The parameter is calculated using
the formula

spupo= (JAX T+ L)%+ J. (21)

This follows from(9) and the stationary boundary condition
(4): uspo — bE% =J.

The parametersD, ai, a2 in the left-hand sides of
Egs. (16)—(18) define only the values of(n, D, a1, a2).
Therefore, different sets of parametdvsai, ap exist such
that the appropriate values afare the same and provide
a minimum of the chosen object function. Choosingnd
solving the optimization problem& — minwith respect to
a1, ap we obtain the values af (D), a2(D). The object func-
tions (with respect tas, ap while D is fixed) are behave like
a ravine and may have several minima. Numerical research
showed that it is expedient to use the sum of the object func-
tions for a pair of an even and an odd harmonics, for example,

obtained estimate with small enough increment. For
each value oD determine the parameters a, by min-
imizing function (19). Improvement is possible using
(20). Optimal values of;; at the previous step serve as
the initial data.

(iii) Calculate the value oX. Determineb usingX. Obtains
using formula(21).

34D agh -

In(G,(,1,3, D,ay,a).+G

Fig. 2. No false minima for the sum of the object funct{@d), model data.
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Table 1
Identified parameter values for the experimental data
No. T (°C) D (cm?s™1) ai (s az (s71) cp (cm3)
Amorphous ferrum alloy
1 225 40 x 1078 6.01x 1072 416 x 1072 1.41x 108
2 250 70 x 10°8 6.02 x 1072 9.50x 102 3.39 x 107
3 275 85 x 1078 451x 1072 6.14 x 1072 1.57 x 10%7
Recrystallized ferrum alloy
4 175 25x 1078 1.54 x 1072 1.82x 1072 6.22 x 10Y7
5 200 28 x 1078 513x 1073 2.60x 1072 2.42 x 108
6 225 35x 1078 6.53x 1073 9.55x 1073 1.79 x 108
(iv) The set that provides the best proximity of the experi- 19X 10
mental flux and the model flux calculated for the current ——— exper.
set of the parameters in the sense of the least squares is ol il
treated as a solution. |
Note, if the general method of discrepancy minimizing is 1
used, it will be necessary to integrate numerically the model
equations at each iteration. The presented algorithm signifi- |
cantly saves computational resources. ]
We have studied the dependence of the ratio error of pa-
rameter identification on various conditions; the following oG 250 300 350 200

recommendations may be given.

(i) The period of turning the splitter on must be cho-
sen so that the transition processes in the fi{®
took~ 60—90% of the period length. The transition pro-

ts
Fig. 4. Amorphous alloy]" = 250°C.

3. Identification results

cess should not be lost on a background of the stationary

processes.
(i) Itis expedient to choose the splitter’s efficiency to pro-
vide approximately 5-10 times difference between the

We used the presented algorithm to estimate the
parameters of the mode(1)-(6) for the experimen-
tal data of amorphous and recrystallized ferrum alloy

stationary flux densities that are reached on the semiperi-F€77.3Ni11Si77B136Co.2Po.oos [5]. The glow discharge

ods.
(iii) Low-number harmonics should be used in algorithm,

served as asplitter,= 2 x 10~3cm, pg = 2 Torr. Parameter
estimations are presentediable 1 Figs. 3—6show the ex-

because high_number ones are smoothened by the memperimental fluxes and the model fluxes constructed USing the

brane and are usually noisy.
(iv) Itis expedient to hold the experiments for two different

pressuregoz > po1. Then the values di, s are deter-
mined precisely.

‘,-_sxﬂ(:ﬂ3

Ji(t), cm2.g-1

00 500 600 700 800
ts

Fig. 3. Amorphous alloy]’ = 225°C.

identified parameters. The experimental data are noisy and
the recommendations above (necessary for the minimal ratio
error) do not completely fit. Thus, we succeeded only in deter-
mining the order ob ~ 10717t0 10~ 8cm*s 1, s ~ 10 2to
1010, The inverse problems of mathematical physics have
well-known difficulties: usually the solution is highly sen-

35% 1013
’ ——  exper.
«  approx.

"
o
£
5}
'_')—'

0 1 I

800 1000 1200 1400 160C

t, s

Fig. 5. Recrystallized alloy]’ = 200°C.
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3510 one significantly increases the return fluxbc3(¢) will also
al - :;’;féx | grow and compensate the additional afflux. Thus, the pene-
trating flux will not change essentially.
- The algorithms of numerical modelling and parametric
5 2 identification for the class of models with bulk and sur-
5 - face desorption are implemented as a software package. It
= was used for parameter estimation of hydrogen permeation
B through membranes.
0.5
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