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Computations of refractory lining structures under thermal loadings

. *
P. Boisse™, A. Gasser, J. Rousseau

LMSP, UMR CNRS-ENSAM-ESEM, ESEM, 8, rue Léonard de Vinci, 45072 Orleans, France

Refractory linings are used to protect the exterior metallic part of some vessels containing very hot fluids. They are submitted to high
thermomechanical loading that can lead to cracking. A local approach is first presented in order to analyse the refractory lining as a 3D
domain. A smeared crack model is used to compute the damage in the refractory. Comparison with experiments on a refractory wall
containing metal parts is performed in order to validate the 3D numerical computations. Some type of refractorised vessels (e.g. some steel
ladles) can directly be analysed from this 3D modelling. Since some other refractorised vessel contains a very large number of metallic parts
(such as tubes or anchors), it cannot be possible to compute such a global structure with this 3D analysis. Consequently, an approach has
been developed based on a two-layer shell equivalent to the lining including the metallic casing with tubes and the refractory. The thermal
and mechanical parameters of the model are identified with an inverse method, using results of 3D calculations performed with the local
model defined previously. An experimental validation is made by a bending test, performed on a large refractory lining specimen. In the case

of a cyclone of coal-fired power plant, the equivalent shell permits to compute the damage of the refractory in the global structure.

Keywords: Equivalent composite shell; Inverse method; Smeared crack model; Thermomechanical structural analysis; Refractory linings

1. Introduction

Structures containing very hot fluids such as steel ladles
[1-3] or coal-fired power plants [4,5] comprise refractory
linings that protect the steel structure (casing). These linings
can be anchored or not on the exterior metallic envelope.
The aim of this study is the numerical prediction of the
refractory lining behaviour under thermomechanical load-
ing. For example, in a coal-fired plant, the refractory
castable is anchored to the steel support structure. Because
of temperature gradient and thermal expansion which are
different in castable and metal, high level stress occurs
within the castable, during heating or cooling stages, that
often leads to damage of the refractory and sometime to
failure [6—8].

Three different scales can be differentiated in this
problem. The first is the local scale at the vicinity of
metallic parts such as tubes or anchors, the second the scale
of a wall of the vessel made of the metallic envelope and the
refractory. It can include metallic elements such as tubes
and anchors (meso-scale). The third scale is that of the
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global structure (macro-scale). To compute a structure like a
metallurgic reactor or a coal-fired plant, it can or cannot be
possible to use a 3D finite element model to analyse the
refractory mechanical behaviour depending on the design of
the structure. In some cases there are too many details (such
as tubes or anchors). The solution proposed for this last case
in this paper consists in identifying the thermal and
mechanical behaviour parameters of an equivalent two-
layer composite shell element in order to reduce the size of
the computation model while accounting the effect of
metallic local details such as tubes and computing the
damage of the refractory (Fig. 1). An orthotropic material is
considered for the cold layer, which models metallic casing
tubes and a small part of the refractory. The second layer
models the castable (that can be anchored). The behaviour
of this layer has to model the damageable behaviour of the
castable. The parameters of this shell element are obtained
from an inverse approach using information given by some
3D calculations performed at the local scale. A bending test
on a large specimen shows the agreement of the compu-
tations made with the two-layer shell element with the
experimental results. The damage of a complete coal-fired
plant cyclone under thermal loading is done with the
equivalent shell approach. Because the calculated damage is
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Fig. 1. Principle of structure computing using a simplified element
accounting for the 3D mechanical behaviour.

larger than the real one, it is then investigated to account for
expansion joints in the equivalent shell definition.

2. Analysis of the lining mechanical behaviour at local
scale

2.1. Modelling

A 3D structural analysis is performed in the vicinity of a
metallic part embedded in a castable (or juxtaposed). This
analysis is made at the scale of a typical mechanical part
such as tubes or anchors (some centimetres large), i.e. at the
local scale (a) of Fig. 1. An elastic—plastic mechanical
behaviour is considered for the steel (Table 1). The
behaviour of the refractory castable (made with silicon
carbide) is like the behaviour of concrete, i.e. very different
in tension and compression (Fig. 2):

e clastic—plastic in compression;
e clastic-damageable in tension (an unloading goes back to
zero), with softening after the elastic part [9,10].

It is modelled using a smeared crack model. The cracks
are taken into account as a loss of stiffness and not as macro-
cracks: the displacement u. due to the crack opening is
transformed in strain g, with a characteristic length A:
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Fig. 2. Uniaxial behaviour with tension softening and plasticity in
compression (the dotted line in compression shows that the stresses
reached in compression are very higher that in tension).

e with one fixed crack [12]: one crack appears perpen-
dicular to the maximum principal tensile stress (in mode
I) and then stays fixed during further loading;

e with one rotating crack [13,14]: one crack appears
perpendicular to the maximum principal tensile stress
and then rotates to stay perpendicular to this maximum
principal tensile stress for further loading;

e with multiple fixed cracks [15,16]: it is the same as that
of the one fixed crack model but other cracks can appear
(for further loading) perpendicular to the first one.

Here, it is the multiple fixed crack model which is used
[17]: the crack directions are fixed, but it is possible to have
three orthogonal cracks in 3D.

A significant advantage of this type of model is that the
computation algorithms are in a close form of those
classically used for plasticity, such as prediction—correction
methods [18-20]. When the material is under tension,
cracking is assumed to occur when the stresses reach a
failure surface, which is called ‘crack detection surface’.
This crack detection surface (represented in 2D in Fig. 3) is

u .
Ek = % (1) given by Eq. (2)
ot . o7 b o
Several types of smeared crack models are existing [11]: f=q- <3 _p % )p _ (2 _b o )0} -0 ?)
Ofek 3 opx
Table 1
Mechanical and thermal properties of steel and refractory
Property Steel Refractory
Thermal conductivity, A (Wm ™' °C™") 52 1.2 at 500 °C 5.5 at 1000 °C
Specific heat, C, Tkg~' °C™") 469 1000
Young’s modulus, E (GPa) 208 65
Poisson’s ratio, v 0.3 0.16
Thermal expansion, a (°C™") 114x107¢ 5%107°¢
Elasticity limit stress (MPa) (first cracking stress for the refractory)

Softening slope, a (MPa)

335 15.2
- —11




crack detection

Su]‘face unlaXlal tension .
63 //
,
,
>\

. o,

L7 biaxial tension

uniaxial
compression

biaxial compression

Fig. 3. Crack detection surface in tension, and plastic yield surface in
compression (in the plane o, versus o).

with

1 3
p=—§trace(a), q= ES:S’ S=o+pl (3)
where oy is the stress of first cracking in uniaxial tension
(Fig. 2), p the effective pressure stress, g the Von Mises
equivalent deviatoric stress, b a constant, and oy is the
equivalent uniaxial tensile stress. A strain rate decompo-

sition into elastic and inelastic strain rates is used
de, = def + de* “4)

where dg, is the total strain rate, def is the elastic strain rate,
and def* is the inelastic strain rate associated with the crack
detection surface.

The flow rule is given by:

J

defk=dAd—f If f = 0and dA > 0 (5)
g

or else

de* =0

Once the first crack appears, its direction is stored, and the
damage elasticity is used to model the failed material. The
elasticity is written in the form

o=D:¢&° (6)

where D is the elastic stiffness matrix for the castable. The
determination of D is described below.

Let n a cracked direction, with corresponding stress «,,,
and elastic strain &5,. Let g>* be the maximum value of
g;, during the all history of the loading, and o),* the
corresponding stress. If &5, is positive (i.e. tension),
there are two cases to determine D,,,, : if &5, < en,
then (part 1 of the curve, Fig. 2)

OJIIHX
Dy = ™
nn
if 7, = en*, then (part 2 of the curve, Fig. 2)
do,
Dnnnn = asnn (8)
nn

The model accounts for the anisotropy created by the
cracking. The crack direction is fixed during all the
computation but one or two complementary crack directions
can appear during the loading. The model neglects
permanent strains associated to cracks, i.e. it is possible
that cracks can close when the stress becomes negative.

2.2. Parameters identification

For simplification, the softening part is modelled as a
straight line of slope a. As a result, the tension behaviour is
characterised by three parameters: the Young modulus E,
the stress of first cracking oy, and the softening slope a.
Since it is not easy to perform accurate tension tests on
castable specimens, these parameters are identified using a
four-point bending test [21] which gives a curve load F
versus displacement u. Since a bending test (specially when
the mechanical behaviour is non-linear) is a structural test
with tension and compression, a direct identification is not
possible: an inverse method is necessary.

The bending test is simulated with the finite element
method using an initial set of parameters.

A residual vector r (difference between the experimental
measures F* and the finite element values F ™ for given
displacements u) is defined as:

ri = Fi(ug) — F(ug) 9)

An error function e (least square error) is then calculated

n

em) = > [r(mP (10
i=1

where m(E, o7, a) is the set of p parameters (p = 3) to be

identified, and n the number of experimental values (n must

be greater than p; here n = 10).

The error function must take into account some
constraints C; on the parameters (E and oy, positive, a
negative). If they are ¢ constraints (here g = 3), the error
becomes

C(m) an

with C;(m) =0, j=1,...,q

where wj is the weight of constraint j. The minimisation of
this error function (i.e. the optimisation of the parameters) is
made by the Levenberg—Marquardt method [22,23]. At
iteration k, an increment of the parameters dm® is
calculated by

[(J(k))T(J(k)) + A1 + H(k)]dm(k) _ _(J(k))Tr(k) + o (12)

where A% is the positive Levenberg—Marquardt parameter
at iteration k, J is the jacobian matrix of e *, f and H are the
first and the second derivatives of penalty functions &,
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Fig. 4. Thermal cycling experimental device with acoustic measurement.

respectively, in regard to the parameters:

oF' o; 4. 9

J, = - = LA = — |

O amy, § C;(m) fa ,:Zl am,

(13)

q 825

Hyp=> ——

ap Z dmgdmg
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The finite element results for the set of parameters m and for
p parameters, where the value of m,, is perturbed, gives the
jacobian matrix J:

J o= F{e(ml,mz,...,ma +dmy, ...,m,) = F,-fe(ml,mz,...,ma ..... my,)
e dm,
(14)

This method gives after several iterations the values of the
three parameters (Table 1).

2.3. 3D simulations

To validate the mechanical behaviour modelling pre-
sented above, some experimental thermomechanical tests
have been performed on panels (300 X 300 X 80 mm?®) with
one or two metallic anchors [24,25]. A special furnace (Fig.
4) was built to reproduce the thermomechanical conditions
of the refractory linings in coal-fired plants (850 °C on the

Fig. 5. Pull-out test.

inner-face, 350 °C on the back-face, with thermal cyclic
loading).

The measure of the acoustic emission allows us to follow
the crack opening around the anchor (these cracks are
mostly radial for axisymmetric anchors), to obtain the
temperature of first cracking, and to observe that the first
thermal cycle is the most damaging for the refractory (until
200,000 acoustic events at the end of firing [26]). This
experiment is interesting because it gives information on
cracking and it is non-destructive. Nevertheless, it is also
important to measure quantitative values of damage.
Therefore, mechanical tests are necessary. Pull-out tests
(Fig. 5) are used here. After the panel has submitted the
thermal loading of the special furnace, it is fixed on a tensile
device, and the anchor is pulled out, at room temperature,
using the wave guide (linked to the anchor). The load versus
displacement curve allows us to quantify the loss of stiffness
(linked to the level of damage). One can also observe that
the failure surface is a cone (Fig. 5).

These two tests described above are then analysed with a
finite element approach using the material model given in
Section 2.2. The panels contain an axisymmetric anchor (9
16 mm, length: 48 mm). They could be modelled in 3D (one
quarter of a panel, Fig. 6), or in 2D (axisymmetric, Fig. 7).
The results are almost identical. The simulation of the firing
of the panel (Fig. 6, inner face at 850 °C, back face at
350 °C) shows that the cracks are mostly radial (like the
experimental results), and gives a temperature of first
cracking near the one obtained by acoustic emission. The
simulation of the pull-out test (Fig. 7, top face fixed, anchor
pulled out downwards) shows that the failure is a cone, and
that the loss of stiffness is in good agreement with the
experimental load versus displacement curve. Therefore,
these tests and simulations allow us to validate the material
model of the castable.

These 3D analyses can be used for the structural
computation of some applications, such as steel ladles
[27] because the geometry of the metallic parts is not so
complicated. So, the approach presented above can be used
for a global computation. A steel ladle allows to carry liquid
steel at 1650 °C. It is made up of several layers:

a metallic structure,

a thin insulation layer,

a safety layer made with castable,

a wear layer, made with refractory bricks, in contact
with the liquid steel.

The 3D finite element model (representing one quarter of
the ladle, Fig. 8(a)) has 50,000 degrees of freedom and is
based on 20-nodes hexahedral elements. The loading is as
follows:

e prescribed cyclic temperature for the inner face (wear
layer), corresponding to the filling and emptying of the
ladle;
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Fig. 6. Stresses 11 in one quarter of a panel with an axisymmetric anchor (after firing: inner face at 850 °C and back face at 350 °C).

e convection and radiation for the exterior face (metallic 3. Analysis of the lining mechanical behaviour using a
structure); equivalent two-layer shell element
e gravity.

3.1. Shell analyses versus 3D computations

The simulation of the ladle submitted to this loading, and When the geometry of the lining is complex, i.e. when it

hold by its trunnions, leads in a realistic computational time is composed of many components such as metallic tubes
(10 h on a HP-PA8200 processor) to significant results on (Fig. 1(a)) or anchors [25,28], the 3D analysis described

displacements and stresses in the refractorised structure at above (and that is directly used in some cases of steel ladles)
different stages of the thermomechanical loading cycle. For is not more possible. The solution proposed in this section,
example, Fig. 8 shows the plastic strains in the metallic in order to analyse the global structure in a reasonable
structure and the damaged zones in the safety layer after 10 computing time while calculating the damage of the
cycles (full ladle). This model brings a help during the refractory, consists in defining an equivalent shell element
design of the ladle to minimise the damage in the refractory (Fig. 9). This shell is composed of two layers:

linings.

e the first one is made with an elastic—orthotropic
behaviour (casing with tubes in one direction), with 9
coefficients (mechanical coefficients E ., E»a, V124, G124,
G132, Go3,, thermal expansion «, conductivity A,,
specific heat C,,);

e the second one with an elastic—damageable behaviour
(refractory lining), with 7 coefficients: Ey, »,, stress of
first cracking oy, slope of softening a (which is

assumed to be constant for simplicity reasons), o, Ap,
Cop.
P

To identify the shell mechanical and thermal parameters,
tension, bending, shear and thermal experimental tests
should be necessary. But, it is very difficult to perform this
complete set of experimental tests (determining the 16
parameters) on real panels of refractory linings. To avoid
this practical difficulty, 3D analyses are performed on a
model based on the analysis at the local scale previously
Fig. 7. Damage in the castable around the anchor after a pull-out test presented. A representative cell (with several tubes,
(axisymmetric analysis, top face fixed, anchor pulled out downwards). Fig. 9(a)) is computed both with the 3D model and with
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Fig. 8. Steel ladle: (a) mesh, (b) plastified zones in the metallic structure, (c) damaged zones in the safety layer.

the shell elements. Comparison between both these models
(for all tests) allows with an inverse scheme to identify the
shell behaviour parameters.

3.2. Determination of the shell coefficients

To identify the shell coefficients, the inverse method
presented in Section 2.2 was used, with 16 parameters (p =
16). Several tests (simulated in 3D) are necessary:

e two tension tests (in two different directions, Fig. 10(a)),

e two four-point bending tests (in two different directions,
Fig. 10(b)),

e an in-plane shear test (Fig. 10(c)),

e a transient thermal test (the temperature is prescribed on
a face) [29],

e a thermal test on a panel submitted to an uniform
temperature (to obtain the thermal expansion) [29].

From these 3D tests, some quantities (like reaction
forces, displacements, or temperatures), noted F;P, are
chosen for given values of loading (displacement or
temperature), noted ¢;. These quantities are the values that
we would like to find again with the shell model. Therefore,
the tests described above are simulated using the two layer
shell elements. The obtained quantities (for the given values
of loading &;) are noted F}, and compared to F3°, with the

Inverse approach

residual vector r

ri=Fi(e) = F{"(e) (15)
that allows to define the corresponding least square error e
given by Eq. (10). The minimisation of this error by the
Levenberg—Marquardt method gives the optimised
parameters.

To simplify this identification, it was taken into account
that some parameters are independent. So, the method was
divided in three steps. The first is the identification of the 8
elastic parameters (E|,, Ezar V122, G12as G132, G232 Epy V)
using the two tension tests, the two four-point bending tests
and the in-plane shear test (Fig. 10). The second step is the
identification of the two damage parameters (o, a ) of the
damageable layer, using the two tension tests (in the tube
direction and in the perpendicular direction, Fig. 10(a)). Fig.
11 gives the results obtained in both 3D and shell analyses
with the identified damage parameters. And finally, the third
step allows to determine the six thermomechanical par-
ameters (Ay, Cpa, 0, Ap, Cpp, 1) using the two thermal tests
described above [30].

The 16 parameters obtained are given in Table 2. To
validate them numerically, two tests (which were not used
for the identification) were simulated. The first is a panel
under pressure with fixed edges. The comparison of the
displacements obtained independently by both 3D and shell
models (Fig. 12) shows that the differences are smaller than
8%. This validates the elastic parameters

Experiments (c)

b
T

3D numerical simulation
(a)

Equivalent
two layer shell (b)

Fig. 9. Equivalent two-layer shell element obtained from 3D computations at the level of the anchor and experiments.
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Fig. 11. Displacement—reaction forces curves in tension, in both directions,
taking into account damage.

Fig. 12. Validation case: panel under constant pressure and clamped edges.
Comparison between displacements for 3D and shell analyses (one quarter
of the structure).

In order to validate the damage parameters, the shear test
presented in Fig. 10(c) is performed independently by both
3D and shell models (this shear damage test has not been
used for the identification of the damage parameters). The
comparison of the results is presented in Fig. 13. They
present a good agreement.

3.3. Experimental validation

To validate the presented shell approach, an experimen-
tal verification was performed using four-point bending tests
on refractory lining specimens (1.2 m long) with several
tubes and anchors. The simulation (on one half of the panel,
Fig. 14) shows a good agreement with the experiments for
the load/displacement curve (Fig. 15) and the damaged
zones at the top of the tubes.

3.4. Structural analysis of a tubed cyclone

As an application of this two layer shell element, the
computation of a tubed cyclone (part of a coal-fired power

2000 - 3D model (1)
g‘ 1500 e == Shell model (1)
g 1000 .« 3D model (3)
=§ 500 - — Shell model (3)
5 500 1.2

-1000 -

Time

Fig. 13. Comparison of reaction forces in shear (shell and 3D models) in
directions 1 and 3.



Table 2
Identified parameters of the two layer shell element

Material A (orthotropic)

Material B (isotropic damageable)

Elastic properties

Ei, = 5.05 X 10* MPa
E>, = 1.81 MPa
Vi2a = 0.303

E, = 4.93 X 10* MPa

w, = 0.175

G2y = 9.09 X 10° MPa

Gl3a = 454 MPa
Gy3, = 18.2 MPa

Damage parameters -

Thermal conductivity (W/m °C)
Specific heat (J/kg °C)
Thermal expansion cch

Ao = 0.463
C, =51

@, =6.69%107°

Ofck = 13 MPa
a=—8.13%10">MPa

A, = 1.86 (at 200 °C), 4.47 (at 500 °C)
Cp, = 894

a,=443%x107°

Fig. 14. Finite element analysis of the four-point bending test: displacement of the half of the refractory lining specimen, and damaged zones (at the top of the

tubes).

plant, 10 m high) under thermal loading is presented. The
temperature is prescribed on the inner face (850 °C) and on
the outer face (350 °C). The gravity is taken into account.
The cyclone is fixed at its top.

The damaged zones are presented in Fig. 16. They are
very large, more that observed in the existing structure.
Indeed, the shell element does not take into account the
expansion joints, which are present in this type of vessel
between the panels of refractory linings. These joints play
an important role in the level of stresses. Consequently, it is

200 -

150

100 -

Load (kN).

50 A —— Simulation

0 T T
0 5 10 15

Displacement (mm)

Fig. 15. Comparison of the experimental and numerical load/displacement
curves for a four-point bending test on a refractory lining specimen.

necessary to account for them in the equivalent shell
element when the calculated structure involves such joints.

4. Expansion joints

To take into account the expansion joints, the above
approach is used within a simplified finite element. Different
numerical tests on an elementary cell containing two
perpendicular joints (Fig. 17) are performed. A compression
test on this 3D cell shows a uniaxial behaviour with two
slopes (Fig. 18): the change of slope corresponds to the joint
closure. Therefore, the two-layer shell element will have
twice more coefficients according to whether the joints are
open or closed. This work is in progress and results on
complete structural analyses will be presented in a next

paper.
5. Conclusions
The thermomechanical analyses of refractory linings can

be based on local calculations using a smeared crack model.
When the geometry of the vessel walls is complex, it has



Fig. 16. Damaged zones in a cyclone of coal-fired power plant (internal
face).

been shown that equivalent shell elements can be used. The
thermal and mechanical properties of a two-layer composite
shell have been optimised using 3D computations at the
local scale and inverse methods. It has been verified
experimentally that this equivalent shell approach describes
fairly well the mechanical and thermal responses of the
global refractorised vessels. It brings help for the design of
structures with refractory linings. The damaged zones can
be located. It is then possible to decrease their size in
changing the castable composition, the type of anchors or
the shape of the structure. It is also possible, using a
submodelling and the analysis at the local scale, to obtain
more precise information on cracking in important damaged
parts. Nevertheless, to obtain good results on a complete
structure, it is necessary to account for the expansion joints
in the equivalent shell formulation. Some studies are
currently in progress on this point.

Fig. 17. Representative elementary cell (500 X 500 mm?) with two
perpendicular joints.

/

Fig. 18. Tension/compression behaviour of a representative elementary cell
with two perpendicular joints.
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