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Abstract

Dense mixed ionic conducting membranes are subjected to stresses induced by the oxygen activity gradient under operating conditions. This
works proposed a thermomechanical model, taking into account such chemical induced strain. This model permits predictive simulation by the
finite element method in transient and steady state to give guidelines for reactor operating conditions optimization. Modelling has shown that the
maximum stress on the membrane depends on thermal gradient along the membrane and transient phase’s management.
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1. Introduction

Mixed ionic oxygen ceramic membranes are of great inter-
est for applications in catalytic reactors for oxygen separation
and conversion of hydrocarbons to value-added products, par-
ticularly the conversion of methane to syngas.! These materials
are exposed to high temperature and oxygen partial pres-
sure gradients.” Oxygen vacancies concentration gradient in
the material leads to crystal lattice expansion mismatch com-
monly call chemical expansion.>* Such differences in expansion
behaviour could lead to the destruction of the membrane. The
understanding and the control of chemical expansion behaviour
is of great importance for obvious reliability and safety rea-
sons. A model allowing various thermal and chemical loading
was developed in order to obtain guidelines for transient phase
management of the reactor.

During the last 10 years a lot of work has been published on
chemical induced stresses. Hendriksen et al.> prospected espe-
cially the syngas production using mixed-conducting ceramic
membranes. They considered a tubular membrane under isother-
mal condition and constant oxygen vacancy gradient. Their work
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underlines the mechanical benefits of slow reaction kinetics at
the membrane surface. Atkinson and Ramos® have developed
an analytical study of chemical induced stress in planar and
cylindrical membranes (biaxial stress) under various mechanical
boundary conditions (free, fully constrain, etc.). They assumed
that the chemical strain gradient in the depth of the membrane is
linear and don’t take into account the thermal gradient. This work
is a good qualitative comparison between planar and tubular
designs under steady state as the assumption of linear chemical
expansion gradient is not accurate. Krishnamurthy and Sheldon?
have developed a thermomechanical model coupled with oxy-
gen vacancies effects writing in the framework of irreversible
thermodynamics applied to a SOFC membrane. Unfortunately
this model is based on equibiaxial plane stress state with no ther-
mal gradient. They also studied the effect of surface exchange
kinetics on stresses and obtained similar results to thermal shock
study®8: slow surface exchange rate compare to bulk conduc-
tivity is preferred from a mechanical point of view but is not
good in term of oxygen permeation. Thermal gradient is not
considered, and the authors conclude that the steady state stage
is more damaging than transient one.

Analytic models can describe chemical and physical phe-
nomenon but are not easily transposed to complex geometry or
loading. Finite element modelling is more appropriate for com-
plex geometry and loading. Yakabe et al.>>'? have developed
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a finite element model taking into account chemical expan-
sion based on the correlation between the oxygen vacancies
concentration in the material and the relative expansion. Vacan-
cies distribution is converted to an equivalent thermal field —
simulating the induced strain — and used in mechanical cal-
culation. This method is applied to SOFC membranes under
steady state and under stepwise change of atmosphere. The cal-
culation of an equivalent thermal gradient to simulate chemical
expansion does not allow fully transient and coupled simula-
tion as temperature and oxygen vacancy are included within
one variable. The goal of this work is to build a model allowing
fully coupled and transient computation in order to test various
geometries and/or loadings. This paper will focus on loadings
concerns.

The model developed in this work divides the strain into
three independent parts: elastic strain, thermal strain and chem-
ical strain. Chemical strain is directly related to the oxygen
concentration in the material (or equivalent oxygen activity)
which is one of the state variables of the model. All the calcula-
tions are realized with the same finite element code in which
Wagner’s law and chemical expansion behaviour have been
implemented. Simulation of coupled permeation and temper-
ature under transient conditions were carried out. The effects of
material properties and operating conditions, especially atmo-
spheres variation rates, on stresses in the membrane were
evidenced using this model.

After a brief description of the material expansion behaviour
under various atmospheres, the identification of the model of
chemical expansion using experimental results is exposed. Then,
the implementation of the expansion model in the finite element
code ABAQUS is shortly explains and the strategy adopted to run
simulation is presented. Finally, the impact of operating condi-
tions on stress distribution and its evolution in the membrane are
discussed.

2. Experimental and expansion behaviour

Many works have established the relation between
chemical-induced expansion of electrochemical ceramic and
oxygen partial pressure mismatch between manufacturing
and operating conditions.>'!=1* The material used in this
study is made of lanthanum, strontium, titanium and iron
(Lag.495S10.3906Fe0.9Tip.1O3_s) and exhibit a perovskite struc-
ture. It has been sintered under inert atmosphere (N») at
1250°C for 2h. The expansion behaviour has been mea-
sured on a NETSCH 402ED dilatometer using bars of
Smm x 5mm x 8§ mm. Atmospheres were adjusted using two
mass flow controllers, one for pure oxygen and one for pure
nitrogen.

The expansion behaviour has been measured under various
oxygen partial pressures under linear increase of temperature
using a 2 °C/min heating rate and under isothermal conditions.
For isothermal tests, the heating was carried out under nitro-
gen at 2°C/min and the atmosphere was modified after the
stabilization of the dwell temperature. Isothermal expansion is
recorded for 2 h and the cooling is carried out under the same
atmosphere.
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Fig. 1. Linear increase of temperature expansion behaviour under various oxy-
gen partial pressure of LSFT material sintered under Nj.

Fig. 1 presents the expansion behaviour of the material
under linear increase of temperature and various oxygen partial
pressures. The curves under oxidizing atmospheres show three
stages. Before 300 °C, the expansion is purely thermal. Between
300 °C and around 450 °C a contraction is recorded due to oxy-
gen uptake inducing crystal lattice parameter decrease until the
material reaches thermodynamic equilibrium. Above this tem-
perature, the expansion is probably the sum of pure thermal
expansion and chemical expansion due to vacancy creation and
annihilation in equilibrium with temperature and oxygen partial
pressure. As no chemical expansion is observed during cool-
ing, we can conclude that the material is fully stabilized. A test
under N; confirms that under the same atmosphere as the sinter-
ing one the material is stable. The hysteresis recorded under inert
atmosphere can be associated to sintering and/or small oxygen
activity difference between sintering and expansion measure-
ment atmospheres.

The beginning of chemical-induced contraction seems to be
oxygen partial pressure dependant. This difference could be due
to surface effects as activation depends on temperature but also
on surface exchange kinetic. The thermal activation of the bulk
oxygen diffusion seems to be independent on oxygen partial
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Fig. 2. Comparison of (a) expansion behaviour under linear increase of temper-
ature under 10% of oxygen and (b) isothermal expansion at 1000 °C from N; to
10% of oxygen.
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pressure. However, the total oxygen flux through the membrane
depends strongly on the oxygen partial pressure gradient. '

Fig. 2 shows on the same graph the expansion behaviour
under linear increase of temperature under 10% of oxygen and
the isothermal expansion behaviour at 1000 °C for 2 hunder 10%
of oxygen as describe above. Below 300 °C, the strain slopes are
similar for both linear increases of temperature and isothermal
tests while permeation is not activated. During cooling the curves
are superimposed indicating that the material is fully stabilized
after both tests. As the only difference between those tests is
the atmosphere during heating these results clearly show that
final chemical induced strain is independent of the temperature.
The final residual chemical strain depends only on the oxygen
partial pressure in the material (i.e., oxygen activity) as thermal
strain depends only on temperature. This observation leads to the
development of a thermomechanical model with strain partition
hypothesis adding the oxygen partial pressure as state variable
for chemical expansion.

3. Constitutive equations of the thermomechanical
behaviour

The material is assumed to be homogeneous, isotropic, and to
have linear thermo-elastic behaviour. Chemical induced strain
does not modify this behaviour but comes in addition to the usual
thermal expansion.!! In this work we used a relation between
macroscopic expansion behaviour and chemically or thermally
induced strain. This relation is written according to the classi-
cal mechanical way, using the strain partition hypothesis and a
phenomenological point of view.

Let & be the total strain tensor. Assuming small strains, the
total strain tensor is described by the symmetric part of the gra-
dient of the displacement vector u=u(X) with respect to the
spatial position X in the material:

e Lfou  (ou ! "
T2\ 08X X

Moreover, the total strain can be expressed as follows.
€ = € + € + & 2)

where &; is the thermal strain tensor, &, the elastic strain tensor
and e is the chemical strain tensor, respectively. In the rest of
this paper, bold symbol will refer to vector/tensor variable and
normal ones will refer to scalar parameters.

The behaviour of the material is assumed to remain isotropic
with similar properties in tension and in compression. It is com-
monly accepted that ceramics follow this assumption but more
complex mechanical behaviour can easily be used."

The thermal strain tensor depends only on temperature vari-
ation in a reversible way:

gn = (T — To)l 3

where « is the secant coefficient of linear thermal expansion, T
a reference temperature and I the second rank identity tensor.
The coefficients of thermal expansion (&) of our material are
presented in Table 1.

Table 1
Coefficient of thermal expansion of LSFT material

Temperature (°C) o (x107) (/°)

175 1.3
400 1.6

The elastic strain tensor depends only on stress variation in a
reversible way:

14+v
ge = z
where v is the Poisson ratio, E the Young modulus and o is the
stress tensor.

The main assumption of our model is the reversible depen-
dence of the chemical strain tensor with oxygen partial pressure
variation.'® The identification of this dependence has been car-
ried out using expansion tests. The curves obtained show a
residual deformation at the end of the test (see Figs. 1 and 2).
Assuming that the time spent above the temperature of activa-
tion for the oxygen diffusion is long enough, the oxygen partial
pressure, in sense of activity, in the material at the end of the test
will be the same as in the atmosphere of test. The total chemical
expansion is constant in this range of temperature whatever the
oxygen partial pressure. So, for any temperature above oxygen
diffusion activation zone:

o— %Tr(o-)l (4)

€90 — Eback = (e + &) — (ge + &t + &) = —&¢ (5

where ¢ refers to linear strain in the direction of expansion
measurement. The identification of the linear chemical strain
obtained using Eq. (5) is summarized in Fig. 3. It is impor-
tant to note that specimens subjected to isothermal expansion
under various oxygen partial pressure, between 15% and 21%
of oxygen, exhibit cracks observed with an optical micro-
scope.

In a first approach, two linear extrapolations fit the experi-
mental results in Fig. 3. Only three parameters are necessary to
describe such model:

e Py, the partial pressure of slope modification (0.05)
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Fig. 3. Chemical strain vs. oxygen partial pressure: (a) results from linear ther-
mal expansion tests and (b) results from isothermal expansion tests.
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e 3, the chemical strain slope for partial pressure higher than
P, (0.0082)
e ¢, the instantaneous chemical strain (0.0037)

As strain and partial pressure are dimensionless those param-
eters also have no dimension. Assuming that the chemical strain
is isotropic, as thermal expansion, its dependence versus oxygen
partial pressure can be described by the following equations:

P> P & =—(BP+ el ©)
P<P & =aPl
with
&0
=—-B—-— 7
a B P @)

The instantaneous strain g can be defined as character “chem-
ical shock” due to fast variation of oxygen partial pressure. At
low oxygen partial pressure the instantaneous deformation is a
critical phenomenon. It is in accordance with the idea of two dif-
ferent mechanisms at low and high oxygen partial pressure,'” i.e.
oxygen vacancy at low Pp, and oxygen interstitial at high Po,.
But it needs further investigation to be certain of the origin of the
initial strain gap. However, the critical oxygen partial pressure,
at which the transition between those two mechanisms occurs
may be lower than 0.05. Above this value, the linear depen-
dence of the chemical strain with oxygen partial pressure seems
to be a good approximation. A logarithmic relation between
chemical strain and partial pressure would also fit well the exper-
imental results in the all range of oxygen partial pressure. More
experiments at very low oxygen partial pressure are necessary to
determine the proper model. However, trend remains the same.

The transition between sintering atmosphere and very low
oxygen partial pressure is a critical point in term of strain man-
agement. Very fast deformation of the material occurs in this
range of oxygen partial pressure. This phenomenon is similar
to thermal shock. Above a critical oxygen partial pressure (P;),
the dependency of the chemical induced strain with oxygen par-
tial pressure variation is smaller. The ability of the material to
resist fast oxygen partial pressure variation can be evaluated
using the slope B that is the linear tangential chemical expansion
coefficient for high oxygen partial pressure.

These parameters are guidelines to warranty the integrity of
the membrane during transient phases. Furthermore, very high
values of gy or very low values for P; may lead to a systematic
destruction of the membrane at the start up of the reactor. As
shown hereafter, these parameters and material Young modu-
lus (and Poisson ratio) permit a quick estimation of chemical
induced stresses.

4. Computation method
The mechanical behaviour described above has been imple-
mented in ABAQUS'® finite elements software using the

UMAT'® procedure. Computations are realized in three stages:

1. Heat transfer computation to obtain the temperature field in
the bulk of the membrane. This calculation is performed with

the finite element code ABAQUS'® using classical thermal
boundary conditions and loading or with dedicated routines
taking into account chemical reactions and fluid dynamics in
CFD code such as FLUENT."

2. The oxygen partial pressure field in the bulk of the membrane
is calculated, using ABAQUS,18 from the temperature gra-
dient obtained in stage 1 and the initial conditions on oxygen
partial pressure as boundary conditions.

3. Thermomechanical simulation including a dedicated mate-
rial behaviour, the temperature gradient obtained in stage 1
and the oxygen partial pressure distribution obtained in stage
2 is carried out with ABAQUS.!8

Stage 3 calculations necessitate the definition of a new vari-
able for oxygen partial pressure in ABAQUS. Even if oxygen
partial pressure has no physical meaning in a solid, it is used as a
state variable so it has to be understood as the chemical activity
of oxygen in the material.

Stage 2 requires a macroscopic modelling of oxygen per-
meation through the membrane. Bulk diffusion and surface
exchange mechanisms are in competition.2? Pure bulk diffusion
can be represented using the Wagner law'4:

RT  ojon Oel

I=- 16F2 ojon + Oel

grad(Ln(Po,)) ®)
where J is the oxygen flux, R the gas constant, F' the Faraday
constant, ojon the ionic conductivity and o] is the electronic
conductivity. Electronic and ionic conductivities come from
Nernst—Einstein relation as a function of the chemical diffusiv-
ity of oxygen D and vacancy concentration Cy. Assuming the
ionic conductivity to be much lower than electronic conductivity
(0e1 > Tion):

CyD
J = —— —grad(Ln(Po,)) ©))

Oxygen diffusion coefficient and vacancy concentration are
temperature dependent and follow an Arrhenius law. In a first
approximation we assumed that those parameters do not depen-
dent on the oxygen activity. This assumption is commonly
accepted for oxygen diffusion whereas talking about oxygen
vacancy concentration; it is only acceptable if it reaches a high
level after sintering with small variations in operation. As the
model developed herein does not take into account vacancy for-
mation, it is limited to specific material formulations. However,
this phenomenon can be taken into account if necessary. The
expression of the oxygen flux is the following:

J = pye-/rr I Por _ oe” 81 0k, (10)

X Po, X

where J is the oxygen flux, Do an “oxygen diffusivity” coeffi-
cient, Q the activation energy, R the gas constant and Po, is the
oxygen partial pressure. From a numerical point of view, the oxy-
gen partial pressure is similar to temperature and the Wagner’s
law is similar to heat transfer (or Darcy’s law) with non-constant
diffusivity. Wagner’s law expression has been adapted to use the
standard heat transfer procedure, existing in ABAQUS 6.5,'8 to
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Table 2
Identified value for oxygen diffusion computation

Partial pressure, Po, Activation energy, “Intrinsic” diffusivity,

0 (kJ mol~!) Dy (m?s™")
0.21 70.4
0.10 80.2 1.7 x 1076
0.05 95
1.1%
0.9% —— simulation
0.7% = = =experimental
c 0.5%
‘s
5 0.3%
w
0.1% >
0.1%D 100 200 _38CF- 400 500 600 700 800 900 1000
0.3% T Temperature (°C)
0.5%

Fig. 4. Identification of the Wagner’s law coefficient Dy and Q (Eq. (10)) for
10% of oxygen partial pressure.

calculate the oxygen gradient in the bulk of the material (tran-
sient or steady state). Heat transfer analogy allows the modelling
of surface effects using oxygen flux boundary conditions. In
this work, as surface effects have been neglected, oxygen partial
pressure value at the boundary is the one in the atmosphere.

Dy and Q values of Eq. (10) presented in Table 2 have been
identified on all expansion tests using an inverse method. As heat
diffusion is much faster than oxygen diffusion, thermal expan-
sion tests were computed using the heating rate of the test itself
and assuming a homogeneous temperature field on the sample.
Various oxygen partial pressures were applied on the surface
of the specimen. Be aware that the definition of the diffusivity
Dy is not the usual one (see Eq. (10)). As shown in Fig. 1, the
temperature of oxygen diffusion mechanism activation depends
on the oxygen partial pressure. This relation can be attributed
to surface effects related to the initial oxygen partial pressure
(activity) mismatch between the surrounding atmosphere and
the specimen itself. As surface effects have been neglected, from
now, the choice of pressure dependent activation energy has been
made to take into account the dependence of the activation tem-
perature with oxygen partial pressure. Vacancy formation may
also be involved so that this activation energy is not related to
one single mechanism but merge all the mechanisms that gov-
ern oxygen diffusion. As shown in Fig. 4, such macroscopic
approach is consistent with experimental data.

5. Thermomechanical simulations of an oxygen
separation unit

Permeation experiments have been realized on tubular mem-
branes of 252 mm length, 7.2 mm inside diameter and 1 mm
thickness. The membrane is submitted to a high thermal gradi-
ent as the sealing with the reactor must be maintained at low
temperature (Fig. 5).

1000+
900 -
800 -
700 -
600 A
500 -
400 4

Temperature (°C)

2 4 6 8 10 12 14 16 18 20 22 24 26
Axial position (cm)

6 4 2 0
Fig. 5. Permeation test and failures position.

The test procedure is the following. First of all, the mem-
brane is heated under inert atmosphere. Second, after reaching
a thermal steady state, the oxygen partial pressure is modified
in the inside of the tube from N5 to 21 % of O5. Third, various
oxygen partial pressure gradients are applied through the mem-
brane by maintaining the inert atmosphere or by introducing a
reducing atmosphere on the outside of the tube. Using this pro-
cedure, cracks are systematically observed at the same distance
from the sealing (Fig. 5): 5.6cm and 11.2 cm. According to the
thermal gradient along the membrane cracking occurs around
260°C and 530°C.

Sealing has been modelled in the thermo mechanical sim-
ulation using boundary conditions. Axial displacements at the
bottom of the tube are restrained and radial displacements are
free. It corresponds to a tube supported by a metal ring with
a radial sealing infinitely flexible. In the same way, the joint
between the reducing atmosphere and the external atmosphere
is assumed to be infinitely flexible, so it has not been model by
mechanical boundary conditions (see Fig. 6).

The tubular membrane has been modelled in 2D with eight
nodes axisymmetric elements. The same meshes have been used
for each stage to avoid numerical interpolation between calcu-
lation steps. In the same manner, to avoid time interpolation
between each computation, the time increment remains constant
for each stage. Temperature gradient measured in the furnace
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Fig. 6. Boundary conditions used in the model.
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Table 3

Physical and mechanical properties of LSFT material

Density, p (kgm™) 6200
Young modulus, E (GPa) 30
Poisson’s coefficient, v 0.25
Tensile strength (MPa) 97
Thermal conductivity, A (W m~tech 2
Specific heat, C, Jkg=' °C™!) 500

using thermocouple at the outside of the membrane has been
used for thermal loading and heat transfer computation. The
obtained temperature distribution has been used for oxygen dif-
fusion simulation through the membrane.

Table 3 summarizes the properties of the material used for
thermo mechanical computation. Young modulus and tensile
strength have been measured by four point bending tests on a
MTS-2/M testing machine with aload sensor of 10 kN. Ten spec-
imens of 6 mm x 3 mm x 61 mm have been tested for statistical
reasons. The Young modulus has been found equal to 30 GPa
and the tensile strength is equal to 97 MPa with a Weibull mod-
ulus of 7.7. The Poisson ratio has been chosen equal to 0.25,
a standard value for such ceramics. Thermal conductivity and
specific heat have been obtained by flash laser method.

Due to the chemical expansion, induced by oxygen perme-
ation, the inside surface of the membrane is in tension and the
outside in compression. The highest value of the maximal prin-
cipal stress (Rankin criterion) is situated on the inside surface
of the membrane. Fig. 7 shows the evolution of the maximal
stress in the inside of the membrane with time in the case of
oxygen partial pressure modification from Pp, = 0 to 0.21 in
5 min followed by a dwell of 5 min under Po, = 0.21. The max-
imal stress level is situated at 11.6 cm from the sealing. This is
in good accordance with cracks observed on membrane after
permeation tests carried out using the same procedure.

Fig. 7 shows that the stress level is not equal to zero in the
first 5 cm. This resultis an artefact due to oxygen partial pressure
boundary conditions imposed on the surface of the membrane.
As the temperature is too low in this zone for oxygen diffusion to
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Fig. 7. Maximum principal stress on the inside surface along axis at different
time for an oxygen partial pressure modification from 0 to 0.21 in 5 min and a
dwell of 5 min under Po, = 0.21.
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Fig. 8. Evolution of the maximal principal stress with time at different
abscissa/temperature.

occur, no chemical expansion and no stress should be obtained.
The model could be improved by using boundary conditions tak-
ing into account thermally activated surface effects. Therefore,
the stress gradient between 5cm and 10 cm is underestimated
that could explain the crack observed at 5.6 cm from the sealing.
As this crack is close to the furnace entrance, the design of this
part may also be involved.

As shown in Fig. 1 chemical induced expansion takes place in
the temperature range of 300 °C to 450 °C depending on oxygen
partial pressure. From Figs. 5 and 7 the stress level increases at
400 °C and the maximal stress level is reached around 500 °C.
These results are consistent with experimental failure of tubular
membrane that occurs at 536 °C. Stress level in the membrane
seems to be mainly driven by oxygen diffusion kinetic and tem-
perature gradient along the membrane.

Fig. 8 shows the evolution of the maximal stress with time
at three levels of temperature on the inside of the membrane
surface. Maximal stress level decreases from 536 °C to 900 °C
whereas the rate of stress increase remains the same. Those
results can be explained regarding Fig. 9. Oxygen partial pres-
sure gradient in the section of the membrane decreases as
temperature increases. The difference is much more important

0.154

0.104

0.054

Oxygen partial Pressure

0.00

0 02 0.4 06 0.8 1
Radial position in the section of the membrane (mm)

Fig.9. Oxygen activity profile in the radial section of the membrane after oxygen
partial pressure variation from Po, = 0to 0.21 in 5 min and a dwell of 5 min at
Po, =0.21.
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Fig. 10. Evolution of the maximal principal stress with time for slower atmo-
sphere modification rates.

between 536 °C and 650 °C than between 650 °C and 900 °C.
As oxygen diffusion is thermally activated, the oxygen activity
gradient in the section of the membrane decreases with temper-
ature increase. As the stress level is directly linked to oxygen
activity gradient in the membrane, high oxygen diffusion rate
reduces stresses in the membrane.

Fig. 10 shows the evolution of the maximal principal stress
with time for a slower oxygen partial pressure modification rate.
Oxygen enrichment between, 0.0001 and 0.21 has been carried
out in 2 h. The maximal stress level reached at 536 °C is lower
using slow enrichment rate than in the previous case, respectively
144 MPa and 178 MPa.

Figs. 8 and 10 show that the stress level decreases with
time under atmosphere and temperature steady state. This phe-
nomenon can be attributed to the decrease of the oxygen activity
gradient in the section of the membrane as a steady state of oxy-
gen diffusion takes place. In those two computations, the steady
state was not reached, even for 900 °C (Fig. 8). Indeed, after a
fast increase of stress level, it decreases very slowly because of
the permeation kinetics driven by the partial pressure gradient
according to the Wagner law. Similar phenomenon is well known
regarding thermoelasticity and the analogy between thermally
induced shock and chemically induced shock has been made.

Thermal gradient along the membrane, oxygen partial pres-
sure modification rate and oxygen diffusion kinetic through the
membrane have been identified as the key parameters to control
stress level in the membrane. From the results obtained using
the model described in this work and from a thermo mechanical
point of view, the membrane should be operated under isother-
mal conditions and at the highest temperature to decrease stress
level. A parallel has been made between thermal and chemical
induced stresses and the concept of chemical shock has been
introduced.

6. Atmosphere variation rates effects on stress level

The effects of the atmosphere variation from inert to air has
been studied considering the previous tubular membrane under
isothermal conditions at 650 °C and modifying the oxygen par-
tial pressure on the inside surface of the membrane. The outside

— O\
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i (M, N)e S, UM)z=U(N)z

Inner Quter

E,, =0.0001

B e e
~—

Fig. 11. 2D part of the membrane used for simulation.

oxygen partial pressure remains constant. Taking into account
symmetry considerations, a small part of the membrane will
be modelled in 2D (Fig. 11). The bottom and the top surfaces
have been constrained to remain flat to take into account the all-
tubular membrane. Four nodes axisymmetric elements are used
for oxygen diffusion calculation and eight nodes axisymmetric
elements for mechanical computations.

It is assumed that the initial oxygen activity in the membrane
is equal to 0.0001 as sintering has been carried out under N»
and that initial partial pressure in the inside and at the outside of
the membrane is the same. Several variation rates of the oxygen
partial pressure inside the tube were simulated.

Fig. 12 shows the axial stress distribution in the membrane
during atmosphere variation, on the inside surface of the mem-
brane (abscissa =0) from inert atmosphere to air within 70 min.
The two different durations (1028 s and 5400s) are respec-
tively related to the transient state and the steady state. Stress
distribution profiles are very different. The transient state is char-
acterized by a higher maximal stress on the inside surface of the
membrane, 98.6 MPa instead of 83 MPa after 1 h and 30 min.
Even if the tensile stresses are lower during steady state, a larger
zone is affected. To ensure momentum balance, the outside sur-
face is subjected to an axial compressive stress greater than
112 MPa. During transient state a small axial compression stress

459 0.2 0.4

Stress (MPa)

.35.
-554
751
-05 4

-115-
Abscissa from inner face (mm)

Fig. 12. Evolution of the axial stress during a linear variation of the inside
atmosphere from inert to air in 70 min.
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Fig. 13. Maximal transient stress vs. time to change atmosphere from Nj to air.

(46 MPa) is observed and the area under traction is smaller. It is
obvious that transient is the most dangerous because of higher
tensile stress level, but the axial stress profile during steady
state should favour default sensibility because of the volume
effect.?!

Fig. 13 shows the impact of atmosphere variation rate on the
maximal stress level in the membrane. At the beginning the curve
exhibits a fast decrease with time that becomes much smaller
after 5 h. For instantaneous atmosphere variation, the stress level
seems to be infinite. However, a numerical estimation of the
maximal stress was carried out leading to 500 MPa. This result
is not reported in Fig. 13 for results description convenience.

Assuming a linear chemical expansion relation with oxygen
partial pressure variation, the dependence of the stress level with
atmosphere variation rate can be roughly explained by a sim-
plified analytical approach based on thermal stress analogy. In
a first approach chemical strain is expressed by the following
equation:

gc = y(P — Po) Y

with y the linear chemical expansion coefficient, P the current
oxygen partial pressure, Py the initial oxygen partial pressure.

By analogy with thermal stresses, the analytical solution of a
tubular membrane “heated” from the inside, during steady state
in generalized plane strain can be expressed by??:

vE

m(f’m — P(x)) (12)

o(x) =

with Py, the average oxygen partial pressure in the section of the
membrane. This result is the same for thermal shock. It confirms
that chemical shock should be taken into account. Moreover, a
part of the thermal shock theory®® can be used. Then, we pro-
posed a little variation of these approaches to obtain guidelines
for operating conditions optimization.

Assuming that the average oxygen activity variation in the
membrane is very low at the beginning of the oxygen partial
pressure modification on the inside of the membrane and that
the maximal stress level is located near the inside surface, until
a characteristic time 7t is reached, the maximal stress is only
dependent on the difference between surface and average partial
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Fig. 14. Maximal transient stress vs. atmosphere variation rate in the inside of
the tubular membrane from inert to air.

pressure:

~-YE _(p— b (13)
R TTIE A

Omax

with P the oxygen partial pressure variation rate.

In the case of a non linear relation between chemical expan-
sion and oxygen partial pressure variation, Eq. (13) should be
re-write with the value y on the surface and the appropriate
average pressure in the section of the membrane:

1 e
Py = f/ yPo, dx (14)
e Jo

In any case, the characteristic time depends mainly on oxy-
gen diffusion rate. So a linear relation should exist between the
maximum stress and oxygen partial pressure variation rate.

Fig. 14 shows the evolution of the maximal stress (obtained
by numerical simulation) versus oxygen partial pressure varia-
tion rates. These results confirm that the operating conditions
have a great influence on mechanical stress development dur-
ing transient phases, and so on the membrane lifetime. From
Fig. 14 it is possible to determine the maximal variation rate of
the oxygen partial pressure to prevent membrane damages or
breakage.

In the specific case of the material consider in this work, its
tensile strength (97 MPa) is higher than the steady state tensile
stress level (83 MPa). To ensure membrane integrity during start
up procedure, it is recommended not to exceed an oxygen partial
pressure variation rate above 0.14 h~! (see Fig. 14). Simulation
results were confirmed by experimental observations on tubular
membranes. Indeed, many successful starting up with different
materials have been realized with this recommendation.

7. Conclusion

Assuming oxygen partial pressure as a state variable, and a
direct dependence of the chemical induced strain and after the
macroscopic and phenomenological modelling of the chemical
induced expansion proposed herein; materials can be classi-
fied in term of “instantaneous chemical strain”, denoted &g, and
chemical strain slope, denoted S. The first coefficient may be
related to “chemical shock”, or to fast atmosphere variation in
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the low oxygen partial pressure range (below 0.05); the sec-
ond parameter may be related to the ability of the ceramic to
accommodate fast variation of the atmosphere in the high oxygen
partial pressure range (above 0.05).

The model of the chemical strain, proposed in this work,
include chemical, thermal and mechanical behaviour under
transient and steady state conditions. Expansion measurements
carried out under various oxygen partial pressures are fitted
assuming a Wagner law for oxygen diffusion. However if sur-
face effects become dominant, oxygen diffusion model should
be modified by changing the boundary conditions in the diffu-
sion computation. The influence of temperature gradient along
the membrane on the stress level was validated by experimental
results. Low temperature gradient is required to decrease stress
level.

Atmosphere variation rates were identified as a very dan-
gerous step in term of stress development. Using a simplified
analytical approach based on thermal stress analogy a “‘chem-
ical shock” was defined that exhibits a linear dependence with
oxygen partial pressure variation rate. These results show that
the operating conditions control is a key point to ensure the
reliability of the membrane.
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