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Abstract

A model is developed for description of hydrogen absorption by Zr alloys during high temperature oxidation in steam,
based on the detailed experimental results of recent tests on the kinetics of hydrogen absorption by Zr–1Nb cladding during
steam oxidation in the temperature range from 900 to 12008C. The standard consideration of the steam oxidation process in

Ž .the framework of the coupled anodicrcathodic reactions at the two oxide interfaces gasroxide and oxidermetal is
modified, taking into account that hydrogen may intrude into oxide in the form of positively charged protons. For
quantitative description of hydrogen behaviour by this mechanism, mass transfer in the three layers, gas, oxide and metal,
and at corresponding interfaces, gasroxide and oxidermetal, is self-consistently considered. Numerical solution of the
model generally confirms the main conclusions of simplified analytical treatment and furnishes a satisfactory fitting between
measured kinetic curves and calculations. q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Hydrogen absorption by zirconium alloys during their
oxidation in steam was studied in the last three decades
since the primary concern of this process is the embrittle-
ment which might occur during pressurised water reactors

Ž w x.normal operation see, for example, review Ref. 1 . It
was shown that, in parallel with the oxide film formation
process in water or steam, a fraction of hydrogen generated
by the decomposition of water entered the metal. The
relationship between the amount of oxidation occurring
and the amount of hydrogen absorbed is not a simple
function, although it follows a characteristic pattern which
seems to be general for all zirconium alloys, provided the
analytical technique is sensitive enough to distinguish

Žchanges in the ‘uptake fraction’ that fraction of hydrogen
liberated by the corrosion process during any time period

.and which is absorbed by the metal .

) Corresponding author. Fax: q7-095 958 0040, 952 3701;
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Far fewer experimental data are available for the high
temperature hydriding. In the literature one can frequently
find only observations or trends instead of quantitative

w xrelations. Recently, new tests 2–6 were performed in
which the absorption phenomena were studied at high
temperatures corresponding to the conditions of a severe

w xaccident at nuclear power plants. In Ref. 2 , data on
hydrogen uptake by Zr–1Nb during oxidation were given
in the temperature range 900–11008C. The concentration
of absorbed hydrogen was in the range 100–1000 ppm
after steam exposure for 10–30 min. It corresponds to a
relative hydrogen uptake of 10–70%. Under the same
experimental conditions far lower hydrogen concentration

Žin Zircaloy-4 was found 4–100 ppm, corresponding to a
.relative hydrogen uptake of 1–10% .

w xIn the latest tests 6 hydrogen uptake was also studied
simultaneously with measurements of Zr–1Nb alloy oxida-
tion kinetics in steam under 1 bar pressure in the tempera-
ture interval 900–12008C. Clear qualitative tendencies and
quantitative correlations between oxidation kinetic rates
and hydrogen uptake have been revealed in these experi-
ments. Below 10508C the hydrogen content of oxidised
samples increased constantly with time up to the longest
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Ž 4 .exposition 10 s being proportional to the oxidation mass
Ž .gain. At higher temperatures 1100–12008C a maximum

Ž .was reached after a relatively short time 500–1000 s , this
content being definitely less at the same mass gains com-
pared with those at lower temperatures.

w xOn the basis of the detailed experimental studies 6 ,
the development of a theoretical model of the hydrogen
absorption phenomena is attempted in the present paper.

2. Hydrogen penetration mechanism through the oxide
layer

In order to develop a model for hydrogen absorption by
the Zr cladding in the course of its oxidation in steam,
firstly it is necessary to reveal a physical mechanism of
hydrogen migration through the ZrO scale. In surveying2

the results on hydrogen absorption one should distinguish
between two possible routes; first, direct reaction with

Ž .molecular hydrogen gaseous hydriding , and second, ab-
sorption of hydrogen liberated by the decomposition of
water or steam during the oxidation process and absorbed

w xas part of the oxidation mechanism 1 .
As it became clear from studies of gaseous hydriding of

ZrO slabs, both the solubility and the diffusivity of the2

solute in the solid are extremely small. For example, in the
w xtests 7 the solubility and release kinetics of hydrogen in

single-crystal zirconia were investigated by the infusion–
extraction method. Equilibration in hydrogen at pressures
between 1.4 and 11 bar and at temperatures from 1300 to
16008C produced HrZr ratios varying from 4=10y5 to
1.3=10y4. The solubility behaviour and the kinetics of
release indicated that hydrogen atoms are strongly trapped
by distinct binding sites in the solid with detrapping
activation energies from 67 to 80 kJrmol.

Such small values of the solubility and mobility appar-
ently cannot provide rather large quantities of hydrogen
transported through the oxide and dissolved in the metal

w xphase as observed in the above mentioned tests 2–6 on
absorption of hydrogen during the oxidation process. In-
deed, in these tests a fraction of hydrogen generated by
decomposition of the steam entered the metal in the course

Ž .of high-temperature zirconium alloy Zr-4 or Zr–1Nb
oxidation reached several tens percents. An analogous
behaviour has been also observed at lower temperatures
Ž . w xcharacteristic to reactor normal operation conditions 1 .

w xIn particular, in a recent paper 8 oxidation and hydrogen
uptake of Zr based Nb alloys were studied as functions of
Nb content and heat treatment at 4008C under 100 bar
steam atmosphere. The percentage of hydrogen uptake in
these tests after 58 days oxidation varied from 10 to 40%
depending on the Nb content.

An important conclusion drawn by Park and Olander
w x7 was that in the result of H gas interactions with2

Ž .zirconia gaseous hydriding hydrogen apparently pene-

trates into the solid phase in the form of a neutral atom.
Assignment of dissolved hydrogen as a neutral atom rather
than as a proton was necessary to produce the dependence

Žof solubility on the square root of the pressure i.e.,
. w xSieverts’ law observed in Ref. 7 .

w xOn the other hand, in tests Wagner 9 measured the
solubility of water vapour in yttria-stabilized zirconia. The
dissolution process was interpreted in terms of the reac-
tion:

H O g qV 2q s2HqqO ox , 1Ž . Ž . Ž .2 o i o

Ž .where O ox is an oxygen ion on a regular lattice site,o

V 2q is a doubly charged anion vacancy, Hq is an intersti-o i

tial proton. This reaction predicts the variation of the
solubility S with the square root of the water vapour
pressure, SAp 1r 2 , which was observed in the experi-H O2

ment.
w xThe dissolution process observed in Ref. 9 differs in

the charge state of the hydrogen in the gas from that in
w xRef. 7 ; with H , the hydrogen is neutral, whereas, with2

H O, the hydrogen has a single positive charge. It appears2

that hydrogen in the solid oxide retains the charge state
that it had in the gas, so that the two dissolution processes

w xare fundamentally different 7 .
It is important also to notice that amounts of dissolved

w xhydrogen in the two tests 7,9 were quite comparable
Ž y5.HrZr,10 despite ,8 orders of magnitude differ-
ence of the partial H pressures in the gas phases. In the2

w xtest given in Ref. 7 , p f1–10 bar at Ts1300–16008C,H2

w x Žwhereas in Ref. 9 performed in the steam atmosphere
under the pressure p f10y2 bar at temperatures 900–H2

.10008C the partial pressure of H can be evaluated as2

p f10y7 bar. Such a significant difference of the hy-H2

drogen solubility in the two tests apparently confirms the
conclusion about fundamentally different dissolution
mechanisms occurred under conditions of these tests.

In addition to the measurement of solubility, Wagner
also measured the kinetics of water uptake by yttria-stabi-

w xlized zirconia 9 . The data were interpreted in terms of
diffusion of interstitial hydrogen in the solid. The mea-

Ž y7 2 y1sured diffusivities were rather high 8=10 cm s at
y6 2 y1 .8908C and 1.3=10 cm s at 9908C . This discrep-

w x Žancy with the results of the tests 7 in which an extremely
low mobility of hydrogen owing to strong trapping was

. w xdetected was also attributed in Ref. 7 to the nature of the
Ždiffusing species in Wagner’s experiments protons rather

.than neutral hydrogen atoms . A possible explanation of a
very high mobility of protons in comparison with neutral
hydrogen atoms is that both protons and oxygen ions must
penetrate the solid at the same rate to preserve local
electrical neutrality in the crystal. Since the diffusivity of
negatively charged oxygen ions in zirconia is rather high,
they carry along positively charged protons in the same
direction.
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As mentioned earlier, it is easy to estimate that the
extremely small solubilities and diffusivities of the neutral

w xhydrogen atoms in the zirconia measured in Ref. 7 cannot
provide significant hydrogen transport through the oxide

w xlayer into the metal observed in the tests 2–6 on the
zirconium alloys oxidation in steam. Therefore, these ob-
servations can be naturally explained only by the sugges-
tion that the hydrogen dissolution in the oxide during Zr
oxidation in steam takes place by the alternative mecha-
nism, i.e., in the form of positively charged protons rather
than neutral atoms.

In accordance with this conclusion, a standard consider-
ation of the Zr oxidation mechanism in steam should be
modified and completed. It is usually proposed that hydro-

Žgen absorption proceeds in three steps see, for example
w x.Ref. 1 . First, reaction of an adsorbed water molecule

H O with an anion vacancy V 2q to leave two protons2 o
q Ž .2H on the surface and an oxygen anion O ox :ad o

H O g qV 2q s2Hq ox qO ox . 2Ž . Ž . Ž . Ž .2 o ad o

Second, discharge of the protons on the surface by elec-
trons migrating from the oxidermetal interface, i.e., ca-
thodic reaction at the oxidergas interface:

Hq ox qe oxrg sH ox , 3Ž . Ž . Ž . Ž .ad b ad

and anodic reaction at the metalroxide interface:

ZrO ox q2V 2q q4e mroxŽ . Ž .2 o a

sZr m q2O ox . 4Ž . Ž . Ž .o

Hydrogen adsorbed on the ZrO surface may be either2

released as hydrogen gas molecules:

2H ox sH g , 5aŽ . Ž . Ž .ad 2

or absorbed in the oxide phase:

H ox sH ox , 5bŽ . Ž . Ž .ad ab

Ž .Absorbed hydrogen H ox should then diffuse throughab
Ž w x.the matrix oxide see also Ref. 8 .

However, in accordance with the above presented con-
sideration and estimations, an amount of hydrogen ab-

Ž .sorbed via Eq. 5b is extremely small and cannot provide
Ž .the observed in the steam oxidation tests mass transfer to

the metal phase. For this reason, it should be proposed that
only a part of adsorbed protons Hq is discharged at thead

oxidergas interface by electrons in accordance with Eq.
Ž .3 . The remaining part penetrates into the oxide in the
form of protons:

Hq ox sHq ox , 6Ž . Ž . Ž .ad ab

diffuses through the oxide and discharges by electrons
only at the oxidermetal interface:

Hq ox qe oxrm sH m . 7Ž . Ž . Ž . Ž .ab a ab

As a result, the behaviour of the absorbed hydrogen at the
gasroxide interface is described by the same chemical Eq.
Ž . Ž Ž . Ž ..1 obtained by superposition of Eqs. 2 and 6 , as in

w xthe tests 9 on the water vapour dissolution:

H O g qV 2q s2Hq qO ox ,Ž . Ž .2 o ab o

and, thus, obeys the same quantitative dependencies, i.e.,
high solubilities and diffusivities in the oxide.

Finally, the system of equations describing chemical
processes on the oxide surface should be completed by the
equation specifying possible transition of the oxygen an-

Ž . Ž .ions O ox to the gas molecules O g :o 2

2O ox sO g q2V2q q4e oxrg , 8Ž . Ž . Ž . Ž .o 2 o b

being there in equilibrium with dissociating water
molecules:

2H O g sO g q2H g . 9Ž . Ž . Ž . Ž .2 2 2

3. Modelling of hydrogen uptake

For quantitative description of hydrogen uptake by Zr
during its oxidation in steam, the mass transfer in the three
layers, gas, oxide and metal, and at corresponding inter-
faces, gasroxide and oxidermetal, should be considered.

3.1. Mass transfer in the gas phase

Gas phase mass transfer is estimated using the analogy
between heat and mass transfer. Under conditions of the

w x Žlaboratory tests 6 p f1 bar, T f4508C, steamH O steam2

supply rate 7.5 mgrs, corresponding to steaming velocities
.f10 cmrs and the Reynolds number, Ref10 the lami-

nar regime of the steam flow occurs. In this regime, the
mass transfer coefficient k of the i-th species in the gasi

phase is estimated as

k f3.7 D rd , 10Ž .i i

where D is the effective diffusivity of the gas species, di

is the hydraulic diameter of the flow channel.
However, it should be taken into account that the above

presented value of the mass transfer coefficient is valid
only for long enough cladding tubes, namely with lengths

Ž . Ž . w x w xmore than hf 0.1–1 Re dr2 10 . In the tests 6 , df10
mm and thus the value of the transition region h is quite
comparable with the whole length of short cladding seg-
ments 40 mm. In this case the mass transfer coefficient
becomes dependent on the axial position x of the tube
slowly decreasing to the asymptotic value expressed by

Ž . y1r2 Žw x.Eq. 10 , obeying an axial dependence x 10 . For
more definite results it is recommended to reproduce such

Ž .tests with longer cladding tubes )40 cm . Moreover, the
Ž . w xfactor 3.7 in Eq. 10 was obtained in Ref. 10 for a more

simple tube flow geometry and generally should be recal-
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culated for an annular flow geometry with mass transfer
Ž .flux directed to the inner i.e., sample surface. For these

reasons, the value of the effective mass transfer coefficient
Ž .in Eq. 10 may be considered only as an approximate and

qualitative one.
In the simplified consideration of the oxidation process

it is usually proposed that the gas phase transport equation
describes equimolar counterdiffusion, since one mole of
water decomposed at the surface produces one mole of H2

Žthat returns to the bulk gas compare, for example, with
w x.Ref. 11 . Thus, such an approach involuntary provides

conservation of a constant pressure in the bulk of the gas
phase.

However, under real conditions of considerable hydro-
Ž .gen absorption additional convection Stefan flows in the

gas should be taken into account. Therefore, mass fluxes
Ž .of the three gas components steam, hydrogen and oxygen

take the form

J Žg .sk c s yc b yc s n , 11Ž . Ž . Ž . Ž .Ž .i i i i i

where is1,2,3 denote H , O , H O, respectively, c sp2 2 2 i i

rRT is the molar density of the i-th component in the gas
mixture with corresponding partial pressure p , indices si

and b designate values near the oxide surface and in the
Žbulk of the gas phase outside the diffusion boundary

. Ž .layer , respectively see Fig. 1 , n is the velocity of the
convection flows which afford constant total pressure in
the gas, p sp qp qp s1 bar.tot H O H O2 2 2

Conservation laws for the three components at the
oxide surface take the form

k c s yc b yc s nsJ y 1r2 J Žox . , 12Ž . Ž . Ž . Ž . Ž .Ž .1 1 1 1 diss H

k c s yc b yc s ns 1r2 J y 1r2 J Žox . ,Ž . Ž . Ž . Ž . Ž .Ž .2 2 2 2 diss 0

13Ž .
k c s yc b yc s nsyJ , 14Ž . Ž . Ž . Ž .Ž .3 3 3 3 diss

where J specifies the dissociation flux of the H Odiss 2
Ž . Žox. Žox.molecules at the oxide surface see Fig. 1 , J , J areH O

Fig. 1. Schematic representation of flux balances at the gasroxide
interface.

Žthe diffusion fluxes of the two components protons and
.oxygen anions in the oxide phase.

Since only two among the three variables c are inde-i
Ž .pendent c qc qc sp rRT the multi-component1 2 3 tot

Stefan–Maxwell equations for their interdiffusion fluxes
result in a simple relationship:

k c s yc b sy k c s yc bŽ . Ž . Ž . Ž .Ž . Ž .3 3 3 1 1 1

qk c s yc b . 15Ž . Ž . Ž .Ž .2 2 2

In the considered case of small concentrations of the two
Žgas components O and H which are the products of2 2

.equilibrium dissociation of H O in the gas , the effective2
Ž Ž ..diffusivities see Eq. 10 of these molecules are very

close to the binary diffusivities in the H OrH and2 2

H OrO mixtures and thus the mass transfer coefficients2 2

k and k are well defined values.1 2
Ž . Ž .It should be noted that the three Eqs. 12 – 14 are

written in the form analogous to the case when dissocia-
tion of H O molecules in the bulk of the gas phase is not2

considered and the two components H and O are inde-2 2

pendent. In the real situation a consideration of mutual
transformations of the components significantly modifies
the interdiffusion fluxes in the bulk of the gas phase. The
local gas composition is determined by the equilibrium

Ž . Ž . Ž .reaction 2H O g sO g q2H g and for this reason2 2 2

obeys the mass action law:

ln p q2ln p s2ln p q2DGrRT , 16Ž .O H H O2 2 2

w xwhere in accordance with 10

DGrRTs6.61y29,600rT . 16XŽ .

This equation provides an additional restriction to the
solution of the diffusion problem in the gas phase for the
two components H and O which at present cannot be2 2

considered as independent.
Nevertheless, as demonstrated in Appendix A, despite

this limitation the hydrogen flux at the gasroxide interface
Ž .completely retains its form, Eq. A.13 , whereas the oxy-

gen flux—only partially, since a finite renormalisation of
X Žthe mass transfer coefficient k ™k in accordance with2 2

Ž .. Ž .Eq. A.14 is necessary in Eq. 13 .
Ž . Ž .Superposition of Eqs. 12 – 15 results in a simple

relationship for the convection velocity in the gas:

Žox . Žox .c qc qc ns 1r2 J qJ yJ . 17Ž . Ž . Ž .1 2 3 O H diss

Simple estimations show that in the initial stage of the
Ž .oxidation process the surface hydrogen pressure p sH2

Ž .exceeds the corresponding bulk value p b by severalH2

orders of magnitude, continuously reduces with time and
finally reaches the bulk value in the end of the process.
This means that during the most part of the oxidation time

Ž . Ž .an inequality p s 4p b is valid. In accordance withH H2 2

Ž . Ž . Ž .Eq. 16 , this leads to p s <p b and, therefore,O O2 2
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Ž Ž . Ž ..D p <D p since p b f2 p b . Owing to theseO H H O2 2 2 2

inequalities, the convection term gives input only in the
Žg . Ž .steam flux J in Eq. 14 . For the same reason, oxygenH O2

flux in the gas phase J Žg . can be generally neglected inO2

Ž . Ž . Ž .Eqs. 12 – 15 ; in particular, Eq. 13 can be simplified:

J Žox .fJ , 18Ž .O diss

Ž . Ž . Ž .as well as Eq. 14 after substitution of Eqs. 15 and 17 :

k c s q 1r2 J Žox .sJ Žox . , 19Ž . Ž . Ž .1 1 H O

Ž . Ž .After substitution of Eq. 18 into Eq. 19 one finally gets
a relationship

k c s q 1r2 J Žox .sJ Žox . , 20Ž . Ž . Ž .1 1 H O

which has a clear physical sense: neglecting the small flux
J Žg ., the flux J Žox. is exactly equal to the steam flux J Žg .

O O H O2 2

which delivers oxygen to the oxide surface through the
gas; in its turn, of hydrogen the solid phase flux J Žox.

H
Žmatches the resulting flux delivering hydrogen via H and2

. Ž Ž .H O molecules to the surface through the gas 2 k c s y2 1 1
Žg . . Ž Ž . Žox ..J s2 k c s yJ .H O 1 1 O2

3.2. Mass transfer through the oxidergas interface

Ž .The derived Eq. 20 determines a relation between the
fluxes of various components in the gas and solid phases.
In order to calculate these fluxes, it is necessary to deter-
mine relations between concentrations of these compo-
nents at the oxidergas interface.

Results of numerous investigations of the high-tempera-
ture Zr cladding oxidation kinetics evidence that the rate

Ždetermining step of this process under unlimited steam
.supply conditions is the oxygen diffusion in the oxide

phase. In particular, a parabolic time law of the oxidation
Ž w x.kinetics observed in such tests as well as in Ref. 6

directly confirms this statement. This means that surface
kinetic processes of oxygen transition from the gas to the

Žoxide phase are so quick in comparison with the bulk
.diffusion processes , that the condition of thermodynamic

equilibrium for the oxygen component prevails at the
gasroxide interface.

For these reasons, it can be concluded that at least a
part of the chemical reactions at the gasroxide interface
considered in Section 2 should be regarded as equilibrium:
Ø dissolution of water molecules at the oxide surface, Eq.

Ž . Ž Ž . Ž ..1 obtained by superposition of Eqs. 2 and 6 :

H O g qV 2q s2Hq qO ox ;Ž . Ž .2 o ab o

Ø oxygen transition from the oxide to the gas phase, Eq.
Ž .8 :

2O ox sO g q2V2q q4e oxrg ;Ž . Ž . Ž .o 2 o b

Ø dissociation of water molecules in the gas phase, Eq.
Ž .9 :

2H O g sO g q2H g .Ž . Ž . Ž .2 2 2

Correspondingly, for each of these equilibrium reactions
the mass action law can be applied:

p s C sa C 2 , 21Ž . Ž .H O n Hq2

2 2p s sk p s p s , 22Ž . Ž . Ž . Ž .H O H O2 2 2

p s C 2C4 sb , 23Ž . Ž .O n e2

Ž .where p s is the i-th component partial gas pressure ati

the interface, a , b , k are the equilibrium constants of the
Žcorresponding chemical reactions the constant k is deter-

Ž . Ž ..mined in Eqs. 16 and A.3 , C , C , C are concentra-n e Hq
tions of anion vacancies V 2q, electrons and protons in theo

oxide near the interface, respectively.
An additional assumption about thermodynamic equi-

librium at the interface for the hydrogen component, which
Ž . Ž .obeys a superposition of the chemical Eqs. 3 and 5a :

Hq ox qe oxrg s 1r2 H g ,Ž . Ž . Ž . Ž .ab b 2

leading to the corresponding mass action law:

C 2 sg p s rC2 , 24Ž . Ž .Hq H e2

is not really important for further calculations, since it
results only in an additional relationship among the equi-

Ž . Ž .librium constants of Eqs. 21 – 24 :

agrkb 1r2 s1.

Mass transfer of various components at the gasroxide
interface determined by the above described chemical pro-
cesses can be schematically represented by a diagram in
Fig. 2.

Fig. 2. Schematic representation of chemical reactions at the
gasroxide interface.
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The charge neutrality condition at the interface com-
pletes the defect relations:

2C qC sC . 25Ž .n Hq e

w xUnder conditions of the tests 6 :

p s fp b s1 bar. 26Ž . Ž . Ž .H O H O2 2

Ž . Ž .Eqs. 21 – 26 can be solved and yield:

1r2 1r23 2 1r22a C qC y kb ra p s s0. 27Ž . Ž .Ž .Hq Hq H 2

In the tests performed under conditions of unlimited steam
w xsupply shown in Ref. 6 , the surface ZrO composition2yx

is close to the stoichiometric one with substoichiometry
y5 w x Ž .deviation xF10 11 . In this case, Eq. 27 can be

simplified, since C being determined by x becomesn

extremely small C rC ;xF10y5 in comparison withn Zr
y2 y3 Žthe concentration of protons C rC ,10 –10 seeHq Zr

Ž ..below Eq. 31 :

C fC . 25XŽ .Hq e

Ž .Correspondingly, Eq. 27 can be also simplified:

1r4 1r4 XC sA p s rRT sA c s , 27Ž . Ž . Ž .Ž .Ž .Hq H 12

[ 1r 2 ( )]1r 4where As kb r aRT .
It should be noted that only in the case C <CHq n

Ž .occurred, for example, under steam starvation conditions ,
Ž .the usually proposed in the literature neutrality condition

2C sC for the Zr oxidation in steam is valid. Therefore,n e

the relation based on this last neutrality condition between
the oxygen partial gas pressure p and the solid oxideO2

substoichiometry deviation x which is used as a boundary
w xcondition in the problem of Zr oxidation in steam 11 ,

turns to be inaccurate under the conditions of unlimited
steam supply.

Under steam starvation conditions when p rp ™0H O H2 2

Ž Ž .. Ž Ž X..instead of Eq. 26 and 2C sC instead of Eq. 25 ,n e

for the proton concentration in oxide one gets

C Ap1r3 p1r6 . 28Ž .Hq H O H2 2

w xTherefore, under conditions of the tests 7 on the H gas2
Ž .interactions with zirconia i.e., p ™0 the proton con-H O2

centration should turn to zero, C ™0, this is in accor-Hq
w x Ždance with observations 7 since hydrogen was dissolved

in zirconia in the form of neutral atoms rather than pro-
.tons, see Section 2 .

3.3. Mass transfer in the oxide phase

w xIn the analysis of the tests 6 performed under condi-
tions of unlimited steam supply it is naturally to assume
that a relatively small amount of hydrogen dissolved in the
oxide practically does not influence the stoichiometric
composition of its surface. In the opposite case noticeable

Fig. 3. Ratio of absorbed hydrogen in Zr–1Nb vs. mass gain
Ž w x.during steam oxidation from Ref. 6 .

deviations of the oxidation kinetics from the parabolic time
law should be expected. In reality such deviations were not

w xobserved in the tests 6 as well as in many other high
temperature oxidation tests. Under such an assumption the
oxygen flux in the oxide phase can be presented in the
standard form:

J Žox .sDŽox .
DC rd t , 29Ž . Ž .O O O

where DŽox. is the oxygen diffusivity in the oxide, DC isO O
Žthe oxygen concentration fall across the oxide layer in-

variable in time in accordance with the above mentioned
. Ž . 1r2assumption , d t A t is the oxide layer thickness deter-

mined by the self-consistent solution of the oxygen diffu-
sion prob lem in the m ultilayered system
Ž . w xgasroxidermetal and directly measured in the tests 6 .

Analogous, the hydrogen flux in the oxide layer de-
Ž .pends on the proton concentration fall DC sC s yHq Hq

Ž . Ž .C b across this layer see Fig. 8 :Hq

J Žox .sDŽox .
DC rd t , 30Ž . Ž .H H Hq

Žox. Ž .where D is the hydrogen ion protons diffusivity in theH
Ž w x y7oxide estimated in 9 at 900 and 10008C as 8=10 and

y6 2 y1 . Ž .1.3=10 cm s , respectively; see Section 2 ; C sHq
denotes hereafter the proton concentration at the gasroxide

Ž . w xinterface denoted above as C . As noticed in 7 theHq
value of DŽox. has the same order of magnitude as DŽox..H O

Since the fluxes J Žox. and J Žox. have also comparableO H
Žvalues within one order of magnitude as follows from the

measurements of absorbed to generated hydrogen ratio
w x .which varied in the tests 6 from 50 to 10%, see Fig. 3 ,

the value DC can be estimated asHq

DC f 0.1y1 DC .Ž .Hq O
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Ž .In the initial stage of the oxidation tests when C s 4Hq
Ž .C b , this allows an estimation:Hq

C s f10y4–10y5 molrcm3,Ž .Hq

or

C rC f10y2 y10y3. 31Ž .Hq Zr

Ž . Ž .It should be noted that in Eqs. 29 and 30 the quasista-
tionary approximation for the diffusion problem in the

Žoxide well checked for oxygen and consequently for
Žox. Žox..hydrogen, since D fD was applied and for thisH O

reason linear concentration profiles in the oxide were
taken.

3.4. QualitatiÕe analysis of the model

ŽIn the initial stage of the oxidation process when
Ž . Ž .C s 4C b and the relative reduction of the metalHq Hq

.layer thickness is small a self-consistent solution of the
problem of hydrogen mass transfer in the gas and oxide
phases and absorption in the metal phase can be derived

Ž . Ž X. Ž . Ž .from the system of Eqs. 20 , 27 , 29 and 30 . The
time dependence of hydrogen uptake can be analysed
qualitatively from these equations.

Indeed, in this case J Žox.;J Žox. as indicated in theO H
Ž .previous section. Therefore, hydrogen concentration c s1

in the gas near the interface can be estimated from Eq.
Ž .20 :

y1Žox .c s ;J rk Ad tŽ . Ž .1 O 1

Ž X.In accordance with Eq. 27 :

1r4 y1r4C s Ac s Ad t , 32Ž . Ž . Ž . Ž .Hq 1

Ž .thus, substituting this last relationship into Eq. 30 one
gets:

y5r4Žox . Žox . y5r8J sD DC rd t Ad t A t .Ž . Ž .H H Hq

Since this flux determines an amount of absorbed hydro-
Ž .gen in the metal phase C m :H

E C Žm .rE tAJ Žox .A ty5r8 ,H H

w xfinally one can get for the measured in 6 value:

C Žm .A t 3r8 . 33Ž .H

w xThe accuracy of the hydrogen uptake measurements 6 is
relatively low owing to small absolute values of the mea-

Ž 2 3 .sured concentrations 10 –10 ppm . Within these accu-
racy limits the difference between the obtained time depen-
dencies t 3r 8 and t 1r 2 is insignificant, therefore, results of

w x Ž .the measurements 6 at t-1000 s see Fig. 4 can be
satisfactorily described by both the time laws. For this
reason, a combination of the model constants determining
coefficient B in the derived dependence C Žm.sBt 3r8 canH

be obtained from the approximate linear dependence C Žm.
H

Ž . 1r 2 Ž .on DmAd t A t in the initial stage of the process
w xmeasured in Ref. 6 and presented in Fig. 5.

Fig. 4. Hydrogen concentration of Zr–1Nb samples after isother-
Ž w x.mal steam exposure from Ref. 6 .

It is assumed that the hydrogen transition from the
oxide to the metal phase as a result of the anodic reaction,

Ž .Eq. 7 :

Hq ox qe oxrm sH mŽ . Ž . Ž .ab a ab

Žis a quick process in comparison with the bulk diffusion
.processes , so that the condition of thermodynamic equilib-

rium at the interface is valid. In this case the hydrogen
Ž .concentration C b in the oxide near the oxidermetalHq

interface increases along with C Žm., these values beingH
Ž Ž . .proportional to each other see Eq. 34 below .

Ž .Simultaneously the hydrogen concentration C s inHq
the oxide at the opposite interface decreases along with
Ž . Ž .c s in accordance with Eq. 32 . Therefore, at some1

moment t), the hydrogen concentration gradient across
Ž . Žox.the oxide layer disappears see Fig. 6a and the flux JH

Ž Ž .. Ž .turns to zero in accordance with Eq. 30 . Since C sHq

Fig. 5. Zr–1Nb hydrogen uptake vs. mass gain during steam
Ž w x.oxidation from Ref. 6 .
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Ž .Fig. 6. a Schematic representation of hydrogen partial pressure
distribution in the cladding layers in the initial stage of oxidation

Ž .process. b Schematic representation of hydrogen partial pressure
distribution in the cladding layers in the late stage of oxidation
process.

continues to decrease, after this moment both DC andHq
J Žox. become negative and hydrogen desorption com-H

mences, leading to C Žm. decrease.H
w xSuch a behaviour was observed in the tests 6 at 1100

Ž .and 12008C see Fig. 5 . At lower temperatures 900 and
10008C the tests were terminated before the moment of the
absorptionrdesorption regime transformation. It is quite
natural that at lower temperatures the period of absorption
increases, since the hydrogen solubility in the metal phase

Žalso increases in accordance with the equilibrium binary
.HrZr phase diagram, Fig. 7 .

At temperatures below 5508C the solubility of hydro-
Žgen atoms in the metal matrix drastically falls down Fig.

.7 . For this reason the hydrogen concentration gradient in
the oxide keeps a non-zero value for an extremely long
period of time, and hydrogen transported by diffusion
through the oxide along this gradient is continuously ab-

Žsorbed after relatively quick saturation of the metal ma-
.trix in the form of hydride precipitates.

After the above mentioned moment of the
absorptionrdesorption regime transformation, the hydro-
gen flux in the oxide phase changes its direction and
slightly increases from zero value providing desorption of
hydrogen from the metal phase. However, it remains to be
rather small since the diminishing of the partial hydrogen

Ž . Ž .pressure p s Ac s at the oxide surface is a very slowH 12

Ž .process along with the oxide layer growth in a late stage
of Zr oxidation. For this reason, the hydrogen concentra-
tion distribution in the oxide can be approximately consid-

Ž . Ž . Ž .ered as homogeneous: C x fC s see Fig. 6b .Hq Hq
Thus, neglecting the hydrogen flux J Žox. in comparisonH

Žox. Ž . Žox.with the oxygen flux J , that results in c s fJ rk ,O 1 O 2
Ž .and one can get a relationship analogous to Eq. 32 :

Ž .1r4 Ž .y1r4C Ac s Ad t , but for the spatially homoge-Hq 1
Ž .neous concentration profile C x fC . As mentionedHq Hq

above, the boundary condition at the oxidermetal interface
imposes a linear relation between this value C andHq

Žm. Žhydrogen concentration in the metal phase C see Eq.H
Ž . .34 below , which finally results in a slow reduction of
the latter with time:

y1r4Žm . y1r8C AC Ad t A t .Ž .H Hq

This qualitative consideration of the hydrogen behaviour in
the initial and late stages of the oxidation process is fairly
well reproduced by more exact numerical calculations
presented below in Section 4.

3.5. Mass transfer through the oxidermetal interface

For the quantitative description of the hydrogen uptake
during all the oxidation period additional equations deter-
mining the hydrogen behaviour in the metal phase and at
the oxidermetal interface should be derived. In accor-
dance with the assumption about thermodynamic equilib-

Ž w x.Fig. 7. Binary zirconium–hydrogen phase diagram and equilibrium hydrogen pressures from Ref. 15 .
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Ž .rium at the oxidermetal interface see Section 3.4 , both
Ž . Ž .the anodic reactions described by Eqs. 4 and 7 :

ZrO ox q2V 2q q4e mrox sZr m q2O ox ,Ž . Ž . Ž . Ž .2 o a o

and

Hq ox qe oxrm sH m ,Ž . Ž . Ž .ab a ab

should be considered as equilibrium. Correspondingly, ap-
plication of the mass action law for these reactions, taking
into account that anion vacancy concentration is strictly
determined by the limiting oxide non-stoichiometry in the
binary ZrrO equilibrium phase diagram, results in a sim-
ple linear relation between interface hydrogen concentra-

Ž . Žm. < Žtions in the oxide C b and in the metal C see Fig.IHq H
.8 :

Žm . <C b sg C 34Ž . Ž .IHq H

Ž .Therefore, Eq. 34 determines a boundary condition for
the hydrogen diffusion problem in the metal phase which
may be considered as a quasi-one-dimensional problem
due to a small thickness of the cladding wall in compari-
son with its radius:

EC Žm . x ,t rEtsDŽm .E2C Žm . x ,t rEx 2 ,Ž . Ž .H H H

where DŽm. is the hydrogen diffusivity in the metal phase.H

Taking into account that DŽm. is larger than the diffusivityH
Žox. w xin the oxide D by several orders of magnitude 12 ,H

with a sufficiently good accuracy one can consider the
hydrogen distribution in the metal as homogeneous:

Žm . Žm . <C x ,t fC t 35Ž . Ž . Ž .1H H

In this case the solution of the diffusion problem in the
metal phase is reduced to the hydrogen balance equation
Ž .under one-side oxidation conditions :

Žm . Žox .d L t C rd tsJ yd d t C sŽ . Ž . Ž .ŽŽ .m H H Hq

qC b r2 rd t , 36Ž . Ž ..Hq

( ) Ž . ( )where L t sL 0 yd t rB, is the metal layer thick-m m

ness, Bf1.5 is the Pilling–Bedworth ratio, J Žox. is deter-H
Ž .mined by Eq. 30 .

Fig. 8. Schematic representation of hydrogen concentration pro-
files in the oxide and metal phases.

Ž . Ž . Ž . Ž .Substituting Eqs. 30 , 34 and 35 into Eq. 36 and
neglecting a slow time variation of C in comparisonHq

( ) Ž Ž ..with that of d t see Eq. 32 one can finally get

Žox .D C s yC b rd t y0.5 C sŽ . Ž . Ž . Ž .Ž . ŽH Hq Hq Hq

qC b dd t rd tsd L t C Žm . rd t . 37Ž . Ž . Ž . Ž .. Ž .Hq m H

Ž . ŽThe self-consistent solution of Eq. 37 appropriately
.modified for the case of double-side oxidation together

Ž . Ž X. Ž . Ž .with Eqs. 20 , 27 , 29 and 30 allows the calculation
Žm.( )of the complicated dependence C t measured in theH

w xtests 6 .

4. Numerical solution of the model

Ž . Ž . Ž . Ž .A complete system of the Eqs. 20 , 27 , 29 , 30 ,
Ž . Ž .34 and 37 describing the hydriding of the Zr cladding
in the course of its oxidation in the steam atmosphere
Ž .after modification to the case of double-side oxidation
can be easily reduced to the following two equations:

dC Žm .rd ts 2 DŽox .rL t C S yg C Žm . rd tŽ . Ž . Ž .Ž . Ž .H H m Hq H

y C Žm .rL t d L rd ty 1rL t dŽ . Ž .Ž .Ž .H m m m

= Žm .d C S qg C rd t , 38Ž . Ž .Ž .Hq H

4 ox Žm .k C S rA q D r2 C S yg C rd tŽ . Ž . Ž .Ž .Ž . Ž .1 Hq H Hq H

sDŽox .
DC rd t . 39Ž . Ž .O O

Ž .The parameters A and g entering in the final Eqs. 38
Ž .and 39 are functions of the poorly known equilibrium

constants of the interface chemical reactions, and currently
the lacking experimental data cannot be calculated inde-
pendently. However, these parameters may be explicitly
derived within the framework of the present model by

w xfitting of calculations to the experimental data 6 . Indeed,
Ž . Ž .from Eqs. 38 and 39 it follows that the maximum value

of the hydrogen concentration in the metal is roughly
estimated as

1r4Žm . Žox .C max s Arg D DC rd t k . 40Ž . Ž . Ž . Ž .Ž .H O O 2

This maximum value is attained at time:

2Žox .t s L arD g , 41Ž .Ž .o m H

were a is the rate constant of the oxide scale growth:
'Ž .d t sa t . Hence, the knowledge of the maximum value

of the hydrogen content in the metal and the hydriding
kinetics allow the calculation of the two unknown thermo-
dynamic parameters A and g .

w xIn the experiment 6 , the hydrogen uptake was studied
along with measurements of the Zr–1Nb cladding oxida-
tion kinetics in the temperature range from 900 to 12008C.
By processing of the available data on mass gain and the

ŽZrO layer thickness growth kinetics see, for example,2
w x.Ref. 14 , the oxygen diffusion coefficient in the oxide
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scale can be determined at different temperatures and
approximated by the formula

DŽox .s33.3 ey42 418r RT , 42Ž .O

Ž .where T is in K , Rs1.987 calr mol K .
Wagner’s data on the diffusivity of hydrogen ions in

w xzirconia 9 refer to the yttria-stabilized samples. In the
case of Zr–1Nb oxide these coefficients may be somewhat
different. Lacking such data, however, the diffusion coeffi-

w xcients measured in Ref. 9 at 900 and 10008C and extrapo-
lated to the high temperature region,

DŽox .s4=10y4ey14 405r RT , 43Ž .H

are used in the present calculations.
The other model parameters specifying conditions of

w x Ž . Ž .the tests 6 are: L 0 s 0.07 cm, d t s 0.46m
Ž . Žw x. y4exp y19 919rRT 6t cm, 6 , DC s7=10 mol0

y3 Ž w x. y1cm see, for example, Ref. 11 and k s75 cm s , in2
Ž . Ž .accordance with Eq. 10 . As seen either from Eq. 40 or

Ž . Ždirectly from Eq. 39 , some underestimation of k dis-2
.cussed in Section 3.1 does not strongly influence the

calculated value of A owing to a rather weak dependence
of A on k .2

w xIn Fig. 9a and b experimental data 6 are compared
with calculation results by the present model. The parame-

Ž . w xFig. 9. a Comparison of the calculated and measured 6 hydro-
gen uptake by Zr–1Nb cladding during isothermal steam oxida-

Ž .tion at T s900 and 10008C. b Comparison of the calculated and
w xmeasured 6 hydrogen uptake by Zr–1Nb cladding during isother-

mal steam oxidation at T s1100 and 12008C.

Table 1
Calculated values of the model parameters A and g

y3 3r4Ž .T ,8C A, mol cm g

900 0.032 0.005
1000 0.042 0.01
1100 0.11 0.18
1200 0.17 0.37

ters A and g obtained by fitting of experimental and
theoretical data are shown in Table 1 and can be approxi-
mated by the formulas

2As1.86–3.18 Tr1000 q1.38 Tr1000 ,Ž . Ž .
3r43molrcm , 44Ž .Ž .

2
gs6.56–10.97 Tr1000 q4.63 Tr1000 . 45Ž . Ž . Ž .
The values of g obtained for 1100 and 12008C seem to be
too large, however, this can be attributed to an error of the

Ž .hydrogen diffusion coefficient extrapolation by Eq. 43 to
Ž .these temperatures not measured directly . It can be shown

that an enlargement of the diffusion coefficient value will
result in proportional reduction of the calculated value of g

Ž Ž ..see Eq. 41 .
In general, the calculations show that the hydrogen

absorption by Zr–1Nb cladding during steam oxidation
Žcan be fairly well practically within the accuracy of the

.experiment represented by the model in the temperature
w x Ž .range of the measurements 6 from 900 to 12008C .

5. Conclusions

In the present report, a model is developed for the
description of hydrogen absorption by Zr alloys during
oxidation in steam. The model is essentially based on the

w xdetailed experimental results of the recent tests 6 on the
kinetics of hydrogen absorption by Zr–1Nb cladding dur-
ing steam oxidation in the temperature range from 900 to
12008C. Lacking exhaustive kinetic data at lower tempera-
tures, the model was not attempted to be applied to the low
temperature case, however, in general it corresponds quali-
tatively to numerous observations of significant hydrogen

Župtake up to tens percents of a total amount of generated
.hydrogen during Zr oxidation in a broader temperature

range.
The main obstacle for an appropriate interpretation of

this important phenomenon in the literature was connected
with numerous results on gaseous hydriding of zirconia
which directly evidenced that the hydrogen solubility and
mobility in oxide layers are negligibly small. On this basis

Žit was generally believed that a very thin oxide layer with
.a thickness of several mm on the metal surface protects
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the metal substrate from hydrogen penetration, and the
observed high values of hydrogen absorption during oxida-
tion in steam were mainly associated with a defect struc-

Ž .ture e.g., cracks or pores of the growing protective oxide
layer.

However, in surveying the results on hydrogen absorp-
tion one should distinguish between two possible routes;

Žfirst, direct reaction with molecular hydrogen gaseous
.hydriding , and second, absorption of hydrogen liberated

by the decomposition of water or steam during the oxida-
tion process and absorbed as part of the oxidation mecha-

w xnism 1 . This conclusion can be indirectly confirmed by
w xthe results of Wagner’s tests 9 on water vapour absorp-

tion by yttria-stabilized zirconia in which the dissolution
Ž .process was interpreted in terms of the reaction, Eq. 1 :

Ž . 2q q Ž .H O g qV s2H qO ox , with positively charged2 o i o

protons Hq in the solid solution rather than neutral atoms
Žcharacteristic for gaseous hydriding experiments e.g., Ref.

w x. w x7 . It was proposed in Ref. 7 that this fundamental
difference in the two dissolution processes can explain an
essential increase of the positively charged proton solubil-

Ž w x.ity and mobility detected in Ref. 9 in comparison with
neutral H atoms.

On the basis of this important qualitative conclusion,
the standard consideration of the steam oxidation process
is modified in the framework of the coupled
anodicrcathodic reactions at the two oxide interfaces
Ž .gasroxide and oxidermetal taking into account that
hydrogen may intrude into the oxide in the result of a H O2

dissolution process governed by the same mechanism, Eq.
Ž . w x1 as observed in the tests 9 , i.e., in the form of
positively charged protons. Discharge of protons by elec-
trons in this scheme occurs at the oxidermetal interface
Žrather than at the gasroxide interface as considered in the

.standard approach after diffusion transporting of highly
mobile protons through the oxide scale.

For a quantitative description of the hydrogen be-
haviour by this mechanism, mass transfer in the three
layers gas, oxide and metal, and at corresponding inter-
faces gasroxide and oxidermetal, is considered.

For an appropriate description of the mass transfer
through the gas phase, the standard approach for modelling
of the multicomponent transport through the diffusion
boundary layer in the gas mixture is modified and com-

Ž .pleted by consideration of i additional convective fluxes
Ž .occurred owing to the absence of usually assumed

equimolar counterdiffusion balance of H and H O2 2

molecules, under conditions of hydrogen absorption and
Ž .ii mutual transformation of the gas components owing to

Ž .the equilibrium dissociation of H O molecules, H O g s2 2
Ž . Ž . Ž .H g q 1r2 O g , in the gas mixture.2 2

Modelling of mass transfer through the oxidergas in-
terface is based on consideration of equilibrium kinetic

Ž .processes in the vicinity of the oxide surface: i dissolu-
Ž .tion of water molecules in the oxide; ii dissociation of

Ž .water molecules in the gas; iii oxygen transition from the

Ž .oxide lattice sites to the gas phase; and iv hydrogen
exchange between the solid and gas phases which are
described by the corresponding mass action laws. In partic-

Ž .ular, such a consideration allows: i specification of the
thermodynamic boundary conditions for oxygen and hy-
drogen species at the gasroxide interface, inaccurately
interpreted in the literature for the conditions of unlimited

Ž .steam supply; and ii description consistent with observa-
w xtions 7 of hydrogen dissolution under steam starved

conditions.
Mass transfer in the oxide phase is treated by self-con-

sistent considerations of diffusion transport of oxygen ions
and protons, with proton diffusion coefficients evaluated in

w x Ž .Ref. 9 at 900 and 10008C .
Equilibrium conditions for oxygen and hydrogen species

at the metalroxide interface provide boundary conditions
for the diffusion problem either in the oxide phase or in
the metal phase. Owing to rather high hydrogen diffusivi-

Ž .ties in Zr in comparison with that in the oxide phase , the
latter problem can be reduced with a sufficient accuracy to
a simple mass balance equation.

The obtained system of equations is qualitatively anal-
ysed explaining the main features of the observed compli-

Ž .cated kinetics of hydrogen uptake: i continuous increase
of hydrogen concentration in the metal phase being roughly
proportional to the oxidation mass gain, in the initial stage

Ž .of the process; ii desorption of hydrogen to the gas phase
accompanied by a slow decrease of the measured hydrogen
concentration in the metal phase, in the late stage of the

Ž .process; iii decrease of the maximum hydrogen concen-
tration in Zr attained at the absorptionrdesorption regime
transformation, with temperature increase.

The numerical solution of the problem generally con-
firms the main conclusions of the simplified analytical
treatment and furnishes a satisfactory fitting between mea-

w xsured kinetic curves 6 and calculations.
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Appendix A

In this Appendix, a derivation is presented of the H 2

and O fluxes in the diffusion layer of the steam taking2

into account the dissociationrassociation of the H O2
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Ž . Ž .molecules in the gas mixture: H O g s H g q2 2
Ž . Ž .1r2 O g . In accordance with this chemical reaction,2

Žthere is a source for H and O molecules and a corre-2 2
.sponding sink for H O molecules in each spatial point x2

of the gas phase. Mass transfer equations in the diffusion
layer for the two components accordingly take form:

Ec rEtsD E2c rEx 2 qQ x ,t , A.1Ž . Ž .1 H 1

Ec rEtsD E2c rEx 2 q 1r2 Q x ,T , A.2Ž . Ž . Ž .2 O 2

Ž .where a value of the spatially distributed source Q x is
determined by the relation

2 2Q x sk c x ykc x c x , A.3Ž . Ž . Ž . Ž . Ž .1 3 1 2

Ž .the equilibrium constant ksexp 2DGrRT is determined
Ž X.by Eq. 16 , the kinetic constant k specifies the velocity1

of the H O dissociation reaction, c is the molar density of2 i

the i-th component in the mixture, is1,2,3 denote H ,2
Ž Ž ..O , H O, respectively see Eq. 11 . Possible convection2 2

fluxes of the two components H and O are neglected in2 2
Ž . Ž .Eqs. A.1 and A.2 in accordance with estimations pre-

Ž Ž ..sented in Section 3. see derivation of Eq. 20 .
Mass transfer in the gas phase is a very quick process

Žin comparison with that in the solid oxide D ;D f10H O
2 y1 .cm s at Tf10008C , for this reason for the self-con-

sistent solution of the Zr oxidation problem the quasista-
tionary approximation for the gas phase is valid:

Ec rEtf0, Ec rEtf0. A.4Ž .1 2

Ž . Ž . Ž . Ž .Substituting Eqs. A.3 and A.4 into Eqs. A.1 and A.2
and integrating, one gets

D Ec rExqR x ,t sAsconst., A.5Ž . Ž .H 1

D Ec rExq 1r2 R x ,t sBsconst., A.6Ž . Ž . Ž .O 2

where

R x sHQ x d x .Ž . Ž .

Ž . Ž .Superposition of Eqs. A.5 and A.6 yields

Ec rExs D r2 D Ec rExqM , A.7Ž .Ž .2 H O 1

where

Ms 2 ByA r2 D sconst.Ž . O

Ž .Integration of Eq. A.7 yields

c s D r2 D c qMxqN , A.8Ž .Ž .2 H O 1

Ž .where Nsconst. By substitution of Eq. A.8 into initial
Ž . Ž . Ž .Eq. A.1 taking into account Eqs. A.3 and A.4 one

gets

2 2 2 2D E c rEx qk c ykc D r2 D c qMxqNŽ .Ž .H 1 1 3 1 H O 1

s0, A.9Ž .

Local equilibration of the H O dissociation reaction is a2

much more quick process than the diffusion in the gas
layer, that means

k 4D rL2 , A.10Ž .1 H

where L is the thickness of the diffusion boundary layer.
6 8 y1 w xIndeed, at Tf10008C, k f10 –10 s 13 , whereas1

D rL2 f102 sy1 when Lf0.3 cm. Hence, under thisH
Ž .approximation the diffusion term in Eq. A.9 can be

neglected, leading to

2 2k c ykc D r2 D c qMxqN f0, A.11Ž .Ž .Ž .1 3 1 H O 1

or, after transformation of the molar concentrations to the
specific values: C sc rc , is1,2,3, with account ofi i g

Ž .C f1 since c , c <c , finally, one gets3 1 2 3

kc C 2 D r2 D C qmxqn f1, A.12w x. Ž .Ž .g 1 H O 1

where msMrc , nsNrc , c is the molar concentra-g g g

tion of the gas phase, c sc qc qc .g 1 2 3

In order to determine the constants m and n, the
Ž .obtained Eq. A.12 should be substituted into boundary

conditions at the oxidergas interface:

xs0, C sC s ,Ž .1 1

and at the outer boundary of the diffusion layer:

xsL, C sC b .Ž .1 1

Ž .Differentiating Eq. A.12 :

EC rExsymC r 2mxq1.5 D rD C q2n ,Ž .Ž .1 1 H O 1

and substituting the determined constants m and n, finally
one gets

<Ec rEx syc s rL, A.13Ž . Ž .xs01 1

<Ec rEx sy D rD y1 c b rL, A.14Ž . Ž .Ž .Ž .xs02 H O 2

Žfor comparison, the value of one of the derivatives at the
<opposite boundary can be also presented: yEc rEx sxsL1

Ž . < .c b rL<yEc rEx .xs01 1
Ž .It should be noted that to deduce the final Eqs. A.13

Ž . Ž .and A.14 the following inequalities were used: c s 42
Ž . Ž . Ž .c b , c b 4c s , which were discussed in Section 32 1 1

Ž Ž .. 2Ž . Ž .see derivation of Eq. 18 , and also kc b c s rc 41,1 1 3
2Ž . Ž .which results from the relations kc b c b rc ,1 2 3

3Ž . Ž . Ž .kc b rc ,1 and c s 4c b .1 3 2 2
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