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TRANSIENT ANALY SIS OF OXYGEN NON-STOICHIOMETRY
AND CHEMICALLY INDUCED STRESSESIN PEROVSKITE-TYPE
CERAMIC MEMBRANES FOR OXYGEN SEPARATION

Po3pobneHo Mofers, 0 BCTAHOBIIOE 3B’ 30K MK XiIMIYHO 00YMOBIICHIMH JIe(hOpMALisSIME Y IEPOBCKUTOBUX
OKCHZIaX Ta KHCHEBOIO HecTexioMeTpielo. BuxopucroByioun piBrstHHS Dika Ipyroro pomy, HO4aTKoBi Ta Ipa-
HUYHI YMOBH IIPH KOHTAKTI 3 TOBITPSIM Ta CHHTCTUYHUM Ta30M, a TAKOXK B HEIIPOHUKHIN YacTHHI MeMOpaHH,
cOpMyIbOBAHO MOYATKOBO-TPAHWUHY 3ajady [udysii BakaHCiii KHCHIO y TpyOdacTii MemOpai 3
TIEPOBCKUTOBOI KepaMiku. [10BiTpst IPOXOIUTH Yepe3 30BHIIIHIO TTOBEPXHIO TPyOdacToi MeMOpaHH, ra3 coce-
pemkeHuii Ha 1i BHYTpilmHiil moBepxHi. Po3DIiHYTO mepeHoc BakaHCiii KHCHIO B iHTepdeici Mk
BHYTPIIIHBOIO TIOBEPXHEIO MEMOpPAHH 1 0TOUyr04MM Ta3oM. [IpeacTaBieHo rpaHnyHy 3a/ady [UIsl BU3HAYCHHS
XiMIYHO 00YMOBIIEHUX JehopMartiii Ta HAIPYKEHb B TPYOUACTiil IIepOBCKITOBIM MeMOpaHi ITif €10 XIMIYHOTO
TPaJieHTy KUCHIO. MoJienb BIPOBA/[DKEHO B KOMIT FOTEPHI CTPYKTYPHI iHCTPYMEHTH U aHaJli3y PO3IOALTY
XIMI4HO 0OYMOBIICHHX HAIPY>KEHb B IPOHUKHUX JUTS KUCHIO MEMOPaHHHX CHCTeMax. PO3IISIHYTO YnCenbHui
TIPHKJIAZ Ta OOTOBOPEHO MEPEePO3NOILT Y Yaci HeCTEeXiOMETpil, YJaCTKOBOTO KHCHEBOTO THCKY Ta XiMidHO 00y-
MOBJICHUX HANpPYXKeHb Yy TpyOUacTiii MeMOpaHi.
Ku1ro4oBi cj10Ba: Hampyra, IepoBCKiT; kKepaMidHa MeMOpaHa; BiIOKPEMICHHS KHUCHIO

Pa3paboraHa MoJieb, KOTOpasi YCTAHAB/IMBACT CBSI3b MEXTY XUMHUYECKH 00YCIIOBICHHBIMH JIe(hOPMALISIMH B IIEPOB-
CKHUTOINOIOOHBIX OKCHJIAX M KUCIIOPOIHOM HectexroMeTpuelt. Mcronb3ys ypaBHeHHe Prka BToporo poza, Hayalb-
HbIC ¥ TPAHUYHBIE YCIIOBHS TIPU KOHTAKTE C BO3AYXOM U CUHTETHICCKHIM Ta30M, a TAloke B HEMPOHMIIAGMOH JacTu
MeMOpaHbl, chopMYITHPOBaHa Ha4aIbHO-TPAHNIHA 3a1a4a ubdy3un BaKaHCHI KHCTIOpoZa B TpyO4aToil MeMOpate
U3 TIEPOBCKUTONONO0HON KepaMHKH. Bo3myX MpoxomuT vepe3 BHEILHIOK TOBEPXHOCTb TPYOUaToil MeMOpaHsl, ra3
COCpEZIOTOUEH Ha €€ BHYTPEHHEH IIOBEPXHOCTH. PaccMOTpeH mepeHoc BakaHCHI KHCIIOpona B HHTepdeiice MexTy
BHYTPEHHEHT IIOBEPXHOCTBEO MeMOpaHbI 1 OKPY>KAFOIM ra3oM. IIpericraiena rpandHas 3a1a4a it OHpeIeNieHus
XUMUYECKH O0YCIIOBIICHHBIX JeopMalivii M HAMPsDKEHHIA B TPyOUaTOi IEPOBCKUTONONOOHOH MeMOpaHe Moj IeHcT-
BHEM XMMIYECKOTO TpaJiieHTa KUCIopoa. Morenb BHEIpeHa B KOMITBIOTEPHBIC CTPYKTYPHBIE HHCTPYMEHTBI UL
aHaIM3a PacTIpeIeIICHIs XUMUYECKH 00yCIIOBIICHHBIX HANPsDKCHUI B IIPOHMKAFOMIMX JUT KUCTIOPOa MEMOPaHHBIX
cucTeMax. PaccMoTpeH uncieHHbIH npruMep 1 00CYXKIICHO HepepacnpeieieHie BO BPEMEHH HECTEXHOMETPHH, Yac-
THYHOTO KHCTIOPOIHOTO JIABJICHIST H XUMUIECKH OOYCIIOB/ICHHBIX HAMPSDKEHMI B TPyOJaToil MeMOpaHe.
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A constitutive model that relates the chemicallgiuiced strains in perovskite-type oxides to oxygen-n
stoichiometry has been developed. The initial/banndalue problem for diffusion of oxygen vacandrethe
tubular peovskite-type ceramic membrane has beemufated using Fick’s second law, initial conditiand
boundary conditions at the air side and syngasofittee membrane, as well as, at the impermeablefthe
membrane. Air flows on the outside of the tubullnsed end membrane, and reducing atmosphere is
introduced on the inside of the tube. The excharigexygen vacancies at the interface between ther in
membrane surface and surrounding gas phase islemsi The boundary value problem for determinatfon
the chemically induced strains and stresses atathsient state in the tubular perovskite membeapesed to
oxygen chemical potential gradient has been predeifhe integrated model has been incorporated into
computer-based structural modeling tools for amadyzhemically induced stress distributions in @tyg
permeable membrane systems. The numerical exarapleden considered, and the re-distribution of non-
stoichiometry, oxygen partial pressure and chetyigadluced stresses in the tubular closed end naerabr
over time has been discussed.

Keywords: Stress; Perovskite; Ceramic membrane; Oxygen sipara

Introduction. The price of crude oil is high due to the limitegserves which
are estimated to last for only another few decalteaddition, the constantly rising
requirements for clean fuels are driving indussri@ use natural gas, which offers
an interesting energy source when upgraded to higilee chemicals. Synthesis
gas, or syngas (COH,), is an intermediate chemical feedstock obtairmednf

methane, the main component of natural gas. Itbeafurther processed to value-
added chemicals via methanol synthesis or the kwellvn Fischer-Tropsch
synthesis. Thanks to the constant developmentisfpitocess, the produced fuel
has a high octane index and is very clean sincentains no metals or sulfur. An-
other possible use for syngas is the productiohyafrogen. Combining oxygen
separation and reaction in a single unit, as iremnbrane-based reactor for the par-
tial oxidation of methane into syngas, is expedtediecrease the cost of syngas
production by 25-35% compared to present productiethods.

In the last decades, researchers have developeednixic and electronic
conductors suitable as membranes for the partidati®mn of methane into syngas.
Perovskites are the most promising candidates art@ngaterials in question. The
general structure of the perovskite mineral isXABvhere A and B are cations, and

X oxygen anion. Perovskite materials are classifiscteramics and can be doped,
i.e. a fraction of the A-site and/or the B-sitei@as can be replaced by another
metal. A driving force which has to be provided faxygen ions to permeate
through the perovskite-type ceramic membrane iseanical potential gradient (i.e.
oxygen partial pressure gradient). The featurentdérest for oxygen separation
from air and for the conversion of methane intogagis the concentration of
charged defects in the perovskite-type ceramicsh a6 of oxygen vacancies.
Using doping, oxygen vacancies can be created dnptirovskite lattice. At low
temperature they remain ordered but at high tentperatypically more than

600°C, they become available for transport, providingasgh for the migration of
the oxygen anions from one side of the membranesi@e) with the high oxygen
partial pressure to the other side (syngas sidi) tive low oxygen partial pressure.
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The oxygen flux in membrane reactor at the steddte Ss proportional to the
oxygen vacancies concentration difference across niiembrane. The general
formula for the perovskite-type ceramic in questicem be now rewritten as
AB X, 5, where the creation of lattice oxygen vacanciesniicated by the

deviation from oxygen stoichiometr@—A , and by the oxygen non-stoichiometry,
A, which is a function of composition, temperatunel @axygen partial pressure.

It was established experimentally that the membnaaerials under consideration
belong to perovskite ceramics in which not onlyrriie expansion, but also another
component, called chemical expansion, contribatéiset overall observed expansion at
high temperature [1, 2]. Thus, the chemical exmenebserved in these perovskites at
high temperature occurs in addition to the theerphnsion.

Under the operating conditions, the membrane, pglacehe oxygen partial
pressure gradient, is in a gradient of oxygen veiesnactivity. Oxygen vacancies
migrate in the opposite direction compared to tRggen ions, namely from the
syngas side of the membrane to its air side. Thegexx activity in a membrane
generally occurs in both interface regions andentiulk of the material. It is there-
fore of particular interest for practical applicats to know whether the oxygen
flux is limited by bulk diffusion or by a surfacexehange process for a certain
perovskite. The rate and mechanism of the diffusibaxygen depends on the de-
fect chemistry of the oxide, the oxygen partialgstge gradient and geometry of
membrane. Therefore, membrane is subject to chéyninduced straining caused
by the gradient in concentration of oxygen vacamaiethe material. This induces
stresses that could ultimately cause fracture ahbrane. The chemically induced
stresses depend on the variation of oxygen nonfstonetry through the mem-
brane under the operating conditions, the amourtheimical expansion for the
given degree of oxygen non-stoichiometry and thengery of membrane system.
Thus, chemical expansion of perovskite can causentémbrane degradation over
time and the lifetime reduction of catalytic memimaeactor.

A small amount of studies on the effect of surfazehange process at the
interface between gas and membrane on the oxygespiort and stress evolution
in ceramic oxygen ion-conducted membranes areablailin literature [3, 4]. The
present paper is related to the further investgatiin this direction. In this way,
we do not consider the degradation of perovskipetgeramic membranes induced
by the thermal gradients and creep deformation.

Basic equations. The chemical expansion can be considered as@elattpansion
that occurs in the perovskites AB,_, upon an increase in oxygen non-stoichiometry,

accompanied by reduction of the B site cations détreasing oxygen partial pressure
Po, - It can be defined at the constant temperaftae follows

gCh — (a_aO) (1)
aO T=const
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wherea is the current lattice parameter, aagl is the lattice parameter at the reference

state. This phenomenon can be explained takingairtount that the perovskites under
discussion must contain a high concentration ofjemyvacancies, and a decrease in the
oxygen content of the perovskite will lead to exiam of the unit cell due to the
weakening of the ionic bonds caused by removalatfil;ncharged species. Lowering the
oxygen partial pressure will also lead to incregsimemical expansion. Note that chemical
expansion is not limited to perovskite ceramicg, ibgan be considered as a general
phenomenon concerning all mixed—valence matehatscompensate for the reduction of
cations by creating anion vacancies. Chemical eigarof the numerous membrane
materials was determined either on the macrossapiples by dilatometry in controlled
atmospheres or by high temperature neutron andy Xhffraction with subsequent
calculation of lattice parameters using the Ridteglalysis. It was found that the chemical
expansion of perovskite-type membrane materialsezah values up to 0.4%.

Next, a constitutive theory within the frameworksafid mechanics for initially
isotropic oxygen-deficient membrane materials aod ifothermal processes at
small strains and with multiaxial stress stateoissidered.

The total strain tensog;; (i = 12,3) can be written as the sum:

- h
& =&+, (2)
where 5; is the elastic strain tensor, amﬁh is the chemically induced strain ten-
sor. Last magnitude can be defined as

&= AlD-200);, ®3)
where A, is the oxygen non-stoichiometry at the refereriagegA is the chemical
expansion coefficient); is the Kronecker delta, and

1if i=j;
L%
Poloif 2.

The components of the stress tensqr(i = 12,3) are related to the elastic
components of the strain tensor according to tineigdized Hooke’s law:

0 =Ci €x 4)

with the elastic material parameter tensgy, (| K= 12,3) given for the iso-
tropic membrane material as follows

Cijkl =E(1_ET)[(6||<6“ +6iI6jk)(1_V)+2V6ij Ol (%)

where an Einstein summation for repeating indaxdsrisors is used: is the Young's
modulus, and is the Poisson’s ratio.
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Let us consider a hollow-tube reactor for the cosiem of methane into syn-
gas. Oxygen permeable membrane system consists wbwar closed end
membrane of inner radiug and outer radiu® connected at the other end AB
(Fig. 1) by sealing with a support material. Thentheane system
(Fig. 1) includes a cylindrical part AMNB and a spical one z
MCDN of the constant thickne$sb-a. Lert| be a length of the ©

membrane system. N

Air flows on the outside of the tube, and reduatignosphere is  «
introduced on the inside of the tube. In gendnalttansport of oxygen Ml N
ions through the perovskite-type ceramic membraneoccur through
the combination of interstitial oxygen ions migpatiin its rock-salt pl [P,

layers and lattice oxygen ions migration througigex vacancies in
its perovskite layers according to the followingctical reactions:

050, = Oj+2h  (6) and Of+2h = V,+050,. (7) b

Although many types of defects may occur, the ahgstucture is
usually dominated by only one defect type. In ttieling, we pay our
attention to the migration of the oxygen ions vigigen vacancies from
one side of the membrane (air side) with the higlgen partial pressure © A B

_ - : : - Fig. 1 —
Po, =P, to the other side (syngas side) with the low omypartial Schematic of

pressurePy, = P (P2 > Pl). Under operating conditions the oxyge oxygen

r

activity in a membrane occurs in the bulk of thetema and in both rg:g%egge
interface regions. Oxygen vacancies considerecheasrbbile ionic system

defects migrate in the opposite direction comptardke oxygen anions,
namely from the syngas side of the membrane dir ide.

The transport of oxygen vacancies is consideregtlercoordinate systertr, 8, z)
under condition of symmetry about the ax({&ig. 1). Here is the radial coordinated

corresponds to the circumferential direction, aiekhe axial coordinate.
The diffusion equation for the oxygen non-stoichéim has a form:

2 2
aA:D(a_A+1aA+a_AJ’ (8)

ot a2 ror o

whereD is the chemical diffusion coefficient. At the nefiace state, the membrane is in
equilibrium with air with a corresponding oxygennrstoichiometry A,. In the

following, reducing atmosphere is introduced atitimer surface of the membrane. The
exchange of oxygen vacancies between the inner raemisurface and surrounding
gas phase occurs involving a number of reactiodspancesses including adsorption/
dissociation, charge transfer, surface diffusiod aworporation. The oxygen non-
stoichiometry at the inner surface of the membgtribe equilibrium is given a4, .
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The initial condition to the diffusion equation @n be accepted in a form
A=A, att=0. 9)

The boundary conditions to Eqg. (8) can be writterficdlows

A=A, on the outside of the membrane (10)
DZ—A =B (A-A;) on the inside of the membrane (11)
r
and Z—A =0 at the end AB of the tube. (12)
2

Here S is the chemical surface exchange coefficient.

Thus, the initial/lboundary value problem for tramwspof oxygen vacancies in
membranes for oxygen separation is given by Eqto@ther with Eqgs (9)-(12). This
initial/boundary value problem under consideratimm be reduced to the following
variational equation

[a a—AdV+jcni Db ;dv = [onB(a,-0)ds, (13)
\Y ot \% ’ ’ S

whereV is a volume of the system under stuByijs the inner surface of the membrane
where the boundary condition (11) takes pla&&, is an allowable virtual oxygen non-

stoichiometrythe coma indicates a partial derivative with respeche given index,
D; (i V= 12,3) is the diffusivity tensor written for the isotropitaterial as follows

D, =DJ; . (14)

The boundary value problem for the analysis of dmemical strains and
stresses can be reduced to the variational prolfeminimizing the following
functional:

L(u' W): Jcklmn (gkl _glglh)(gmn _S%hn)dv : (15)
\%
Here the total strains are related to the displacesu and w by the kinematic
equations, such as
g U U 0w _u ow
T T T " T ar
and the chemically induced strains are defined dpy(B).
Three different approaches were used in the presedy in order to find
a solution to the uncoupled problem formulated &b®irst, closed-form analytical
solutions [3, 4] for the oxygen non-stoichiometrydachemical stresses under an
assumption of the plane strain have been useds&bend approach is related to
the in-housed developed software [5, 6]. The thipgproach is based on ANSYS

(16)
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software [7]. It was established that results deatiby three different approaches
correlate well with each other.

Example. The tubular membrane system (Fig. 1) with pararagfieen in Table 1
is considered. The results of the analyses obtaisg) equations and three different
approaches discussed in the previous sectioneviresented below.

It is seen (Fig. 2) that the oxygen non-stoichioynet the inner surface of a
membrane increases with increasing time while #reesmagnitude at the its outer
surface has a constant value. It is interestimpte that due to the influence of the surface
exchange processes at the interface between meardmedngas, the values of the non-
stoichiometry at the inner surface of the presesiinbrane are always smaller than the
value A, . For example, it can be seen from Fig. 2 thaetivafue at the instant of 400 s is

found to be 0.249 which is smaller th+0.260. Therefore, it is necessary to use the

value of 0.249 in the calculations of the oxygem fh a steady state instead of 0.260 for
oxygen non-stoichiometry at the inner surface.

Oxygen can permeate through a perovskite-type éena@mbrane under oxygen
partial pressure gradient. Oxygen partial presguie perovskite-type membrane is a
function of oxygen nonstoichiometry and temperatume a membrane under
consideration it relates to oxygen non-stoichioyndty the following semi-empiric
equation [4]:

1
3 n
Po, = {K(Z_ ﬂ , (7)

where K and n are the temperature
dependent material constants. Eq. (17) v
obtained starting from the point defe

0.26

0.24 - r=a

0.22 4

0.20

0.18

0.16

Oxygen non-stoichiometry A

model. Model predictions based on E r=b
(17) agree well with the experimental da & %4
for five perovskite-type ceramics found i 012 ; ; ‘
i 0 100 200 300 400
the literature. For thd.ag sSip sC0O5 Time (&)

perovskite membrane at the temperature
800°C the values of the material constan

areK = 4191072 bar" andn=0.118.

Fig. 2 — Time variation of the oxygen non-
stoichiometry at the inner and outer
surfaces of membrane in its middle part

From the calculated oxygen non-stoichiometry distions, the oxygen partial pres-
sure data were calculated using Eq. (17). It ig ®asee (Fig. 3) that oxygen partial pres-
sure in the middle part of a membrane in a trahsigte is a nonlinear function of the
radial coordinate. On the other hand, the oxygeitappressure in a steady state at about
400 s is approximately a linear function of theiabdoordinate (Fig. 3). It is also seen
(Fig. 4) that oxygen partial pressure on the insifiea membrane decreases with
increasing time while the same magnitude on thsidubf a membrane has a constant
value P, = 021bar. Note that the values of oxygen partial presatithe inner surface of

ISSN 207-0775.Bichux HTY «XI1I». 20132 1 (975) 185

the membrane are always larger than the v Pl:10‘4 bar. For example, it is not
difficult to see from Fig. 4 that those value isteady state at the instant of 400 s is found

to be 1.75010™* bar. Therefore, it is necessary to use the valu 175010 *bar for
oxygen partial pressure at the inner surface obmlonane in a steady state instead of

R= 10™* bar for oxygen partial pressure in a surroundecassphere.
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Flg 3 — Time re-distribution of oxygen partial F|g 4 — Time variation of oxygen partial

~ pressure in the radial pressure at the inner and outer surfaces of
direction of membrane in its middle part membrane in its middle part

Figs. 5-9 illustrate the changing of the chemicaitjuced stresses with time in the
radial direction of membrane under consideratiatsimiddle part.
It is seen (Fig. 5) that the radial

stresses are compressive for all moments T =
time up to the steady state at the about 4( | ,;/
at each point of a membrane except for t 8 \ L /,.’//'
outer and inner of its surface. It is clear al. £1°7 4 . R4
that the radial stress is always equal to z¢ § s | \\ Y4
at the outer and inner surfaces that sati 2 2\ /'.')/— o0rs

e . 8 -20 7 2,0 1s
the boundary conditions. The radial stress 3 \ e ,/"/ ......... 05
in the interior of a membrane except tt 5 | Neslo T
region near the outer surface during tl — — 4005
final period of the diffusion, decreas ‘ ‘ ’ ‘

0 0.2 0.4 0.6 0.8 1

monotonically with time.

i Trée t?jng;" ntial -and aX|a|. Str.ess; Fig. 5—Time changing of the radial stress
(Figs. an ) are compressive in across the thickness of membrane

region of a membrane near the inner surfe in its middle part

and tensile in the region near the oute

surface. The absolute values of the tangentialaatiad stresses at the inner surface of a
membrane state increase with time except thegerad of the oxygen diffusion before the
steady state. On the other hand, tensile strelstes @uter surface increase monotonically

Dimensionless radial coordinate (r-a)/(b-a)
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with time up to the steady state. It is clear (Fégand 7) that the absolute value of the
maximum level of the tangential and axial stressggsponds to a compressive stress.

Table —Parametersfor the Lag 5Sip sC005_5 perovstitemembrane

at thetemperatureof 800° C[7]
Description Value
Elastic modulus, GPa 86
Poisson's ratio 0.25
Chemical diffusion coefficient,m?/s 31010°°
Chemical surface exchange coefficienty's 312007°
Chemical expansion coefficient 0.035
Oxygen non-stoichiometry at the inner surface ofmtane at equilibrium 0.260
Oxygen non-stoichiometry at the outer surface ofim@ne 0.144
Oxygen non-stoichiometry at the initial instantiofe 0.144
Oxygen partial pressure in air, bar 0.21
Oxygen partial pressure under reduced atmosplene, 10
Radius of the inner surface of membrane, m 2001072
Radius of the outer surface of membrane, m 325107
Length of membrane, m 03
200 200
-~ -1
150 ~ /f, 150 o /’/_,
F 100 W’/:’-——- _ 1001 /'_——-
S 5014 ;/// S -
@ 0 =
3] B 7]
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Dimensionless radial coordinate (r-a)/(b-a) Dimensionless radial coordinate (r-a)/(b-a)
Fig. 6— Time re-distribution of the tangential stress & th Fig. 7 — Time changing of the axial stress across
radial direction of membrane in its middle part the thickness of membrane in its middle part

Perovskites are brittle materials with differenteagth limits under tension
and compression. Obviously that the cracking aipthiats of a membrane with the
high compressive stresses can occur when the veasMitress at these points ex-
ceeds the strength limit of the perovskite undenm@ssion. The von Mises stress
can be found as

o= \lo - rlo - +lo o e, as)

72

The changing of the von Mises stress over timéiénnhiddle part of a membrane is
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shown in Fig. 8.

On the other hand, the possible membrane crackingccur at the points of
the membrane with the high tensile stresses wheffir$t principal stress at these
points exceeds the strength limit of the perovskitder tension. The distribution of
the first principal stress across the thicknesshef membrane in its middle part
over time is shown in Fig. 9.
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Fig. 8— Time re-distribution of the von Mises  Fig. 9— Time changing of the first principal
stress in the radial direction of membrane in it stress across the thickness of membrane in its
middle part middle part

In general, it can be concluded that the crackimghe inside of a membrane
under study can occur at the instant of 27 s whervbn Mises equivalent stress
exceeds the strength limit of the perovskite cecammider compression, as well as,
the cracking on the outside of a membrane can aafctive instant of 215 s when
the first principal stress exceeds the strengtht ifithe perovskite under tension.

Concluson. The creation of oxygen vacancies in the perovgjite- oxide is
indicated by the oxygen non-stoichiometry, which fanction of composition, temperature
and oxygen partial pressure. At low temperaturg@xyacancies remain ordered but at

high temperature, typically more than 6@J they become available for transport from one
side of the membrane (syngas side) with the lowemxyartial pressure to the other side (air
side) with the high oxygen partial pressure. Inegaln the transport kinetics of oxygen
vacancies depends on both bulk diffusion and sudachange processes at the interface
between membrane and surrounded gas atmosphaeeask in the oxygen content of the
perovskite ceramic is leading to expansion of tiieagll (chemical expansion) due to the
weakening of the ionic bonds caused by removalddfilsncharged species. Lowering the
oxygen partial pressure is also leading to inangashemical expansion. This induces
stresses that could ultimately cause fracture oflorene. The chemically induced stresses
depend on the variation of oxygen non-stoichiomtéiirgugh the membrane under the
operating conditions, the amount of chemical exparier the given degree of oxygen non-
stoichiometry and the geometry of membrane system
In the constitutive model, proposed in this wotkergtion has been primarily di-

rected towards understanding the relation betwikemically induced strains and oxygen
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non-stoichiometry in transient state in the peritedlgpe oxides. In the following, the
formulations of the two uncoupled two-dimensionaitimematical problems (for oxygen
vacancies transport and stress analysis) for thdatuperovskite-type closed end mem-
brane have been considered. First, the initialhBary value problem of oxygen transport
via oxygen vacancies under the driving force ofgexychemical potential gradient has
been formulated in order to find the oxygen noiektometry in membrane as a function
of the coordinates and time. In this way, Fick'sosel law written for oxygen non-
stoichiometry has been used. Time dependent bourmendition for oxygen non-
stoichiometry related to surface exchange procesdhe interface between the inner sur-
face of the tubular membrane and surrounded recatoeosphere has been considered.
Second, the structural boundary value problemhfodetermination of the chemically in-
duced stresses in membrane as a function of thdicates and time has been formu-
lated. Three different approaches were used iprésent study in order to find a solution
to these uncoupled problems. Simulations have pedarmed to analyze the relation-
ships between oxygen non-stoichiometry, oxygenabaressure, bulk diffusion, surface
exchange processes, chemical expansion and chigrinidaked stresses in transient state
under the operation conditions in the tubular dosmd membrane made of the

La, 551, sC005_, perovstite at the temperature of 8@0n air.

This work was partially supported by the MinistdyEducation and Sci-
ence, Youth and Sport of Ukraine, U.S. Civil Reseand Development Founda-
tion, Alexander von Humboldt Stiftung, and Frenchb&ssy in the Ukraine.

References. 1. 4. ZolochevskyA. Kuhhorn Constitutive and numerical modeling of chemicatl a
mechanical phenomena in solid oxide fuel cells axgjen permeable membranesBéctauk HTY
»XIIN". Tem. Boin.: Mammnosenenne u CAIIP. — Xappko: HTY “XITN".— 2007.—Ne23. — C.128 -139.

2. 0.0. 3o0n0uescvruii, JlocnimkeHHs qerpaaanii mepoBCKiTOBUX KepaMiyHUX MeMOpaH, siki 6a3yroThes

Ha XIMiYHOMY MOJEIIOBaHHI Ie(EKTiB Ta Ha aHAi3i XIMiYHO HaBeaeHHX HamnpyxeHs. // Bectauk HTY
»XIIN". Tem. Boin.: MammuoBenenue u CAITP. — Xaperos: HTY “XIIN". — 2008. —Ne2, — C.95-104.
3.J1. A. Iapxomenko, Anddy3HoHHbIe HAIPSHKEHUS B TpyOUaTod MeMOpaHe peakTopa I IPOU3BOICT-

Ba cuHTEeTHYeCKOro Tasza. // Bectunk HTY ,XIIN". Tewm. Bbin.: Mamunoseneane u CAIIP.— Xapbkos:
HTVY “XIIN".— 2009.—Ne28. — C.78-874. A. Zolochevsky, L. Parkhomenko, A. Kiihhdmalysis of
oxygen exchange-limited transport and chemicaksé® in perovskite-type hollow fibers. // Materials
Chemistry and Physics. — 2012. —\ol. 13%e-2-3. —PP. 594-603. J1.0. I1apxomenxo, A.O. Ilignenko.
HabmkeHnii po3B’s30K 3ajadi TEIUIONPOBIAHOCTI JUISL HPSMOKYTHOI TNPH3MH 3 CHMETPUYHHUMH

LU HAPUYHUMA 3armuOaeHHsMu. // [IporpecuBHI TeXHiKa Ta TEXHOIOTIT Xap40BUX BUPOOHUIITB PECTO-
panHOro rocmomapctBa i TtopriBmi.— Xapkis: XJIYXT.— 2008.— C. 437 — 4426. A.Zolochevsky,
S.Sklepus, T. H. Hyde, A. A. Becker, S. Peratalimerical modeling of creep and creep damageiin th
plates of arbitrary shape from materials with défg behavior in tension and compression undereplan
stress conditions. // International Journal for Nwical Methods in Engineering. — 2009. —\Vol. 80. —
Ne 11. — PP. 1406-1438. A. Zolochevsky, A.V. Grabovskiy, L. Parkhomenko,YtSCoupling effects

of oxygen surface exchange kinetics and membraieknisss on chemically induced stresses in
perovskite-type membranes. // Solid State loni0%2. —Vol. 212. — PP. 55--65.

Tlocmynuna 6 peokonnezuro 19.09.2012

ISSN 207-0775.Bichux HTY «XI1I». 20132 1 (975) 189



