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Abstract

A blast furnace hearth is made of several refractory layers and materials. To improve its
design and to determine the most sensitive zones, a thermomechanical finite element model
was built. The material properties are temperature dependent. The carbon ramming mix, a
compacting material which absorbs part of the thermal expansion, is represented by a
modified Cam-Clay model. The masonries with mortar joints (in the bottom and in the
ceramic cup) are replaced by an orthotropic material that has a behaviour equivalent to that of
the masonries. Since failure can occur either in mortar joints or brick/mortar interfaces,
different joint states are considered (according to the “open” or “closed” state of the joints in
each direction). The interface strength, determined experimentally, was taken into account
through a Mohr-Coulomb criterion. The equivalent material parameters were obtained, for
each joint state, using a periodical homogenization method. The simulation was performed in
two steps: first, computation of the thermal field, and second, computation of the
displacements and stress fields. The comparison with experimental measurements on a real
blast furnace showed that the model produces satisfactory results. The results also showed the
importance of the initial ramming mix density and the influence of joint openings.

Keywords: blast furnace hearth, thermomechanical modelling, refractory masonry, periodical
homogenization, joint opening criterion, finite element simulation.

Nomenclature

a Size of the yield surface (modified Cam-Clay model)
c Cohesion (Mohr-Coulomb model)

C Stiffness matrix

Cixt  Components of the stiffness matrix

E Second order macroscopic strain tensor

Eu Components of the macroscopic strain tensor

f Yield function

fi Tensile strength

F Associated flow rule (modified Cam-Clay model)
h Heat transfer coefficient

k(T) Thermal conduction (temperature dependent)

M Slope of the critical state line (modified Cam-Clay model)
P Hydrostatic pressure

Pe Hydrostatic compression

Equivalent von Mises stress

Heat flux density
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Temperature

Displacement in direction i

Strain energy density

Constant modifying the shape of the cap (modified Cam-Clay model)
Second order identity tensor

Second order strain tensor

Components of the strain tensor

Lamé coefficient

Lamé coefficient

Internal angle of friction (Mohr-Coulomb model)
Second order stress tensor

Components of the stress tensor

Normal stress

Second order macroscopic stress tensor
Components of the macroscopic stress tensor
Shear stress

1. Introduction

Blast furnaces produce pig iron by reducing iron ore in integrated steel plants. The hearth is
the part of the blast furnace located under the tuyere zone (Figure 1). It is the most critical part
since a major incident in this part will have a major impact on all downstream activities and
will lead to serious loss. In the Saint-Gobain design, the hearth is made of a steel shell (80
mm thick), a layer of porous carbon blocks (jointed without mortar), a bottom, a ceramic cup
and a carbon ramming mix (90 mm thick) between the carbon block layer and the steel shell.
The ceramic cup (Figure 2a) and the bottom (Figure 2b) are masonries with SiAlOn bonded
corundum bricks and mortar joints (3.5 mm thick for the ceramic cup, 2 mm for the bottom).
They protect the carbon blocks against the corrosion of gases and pig iron. They also decrease
the temperature in these carbon blocks.

Carbon
blocks Tuyeres
Carbon ramming
mix (between Ceramic
steel shell and cup
carbon blocks)
Steel Bottom
shell

A
Y

~A15 m
Figure 1: Blast furnace hearth.
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Figure 2: Ceramic cup (a) and bottom (b) masonries.

To optimize the design of the blast furnace hearth and increase its lifespan, a
thermomechanical model can be used. It is worth noting that the temperature distribution in
the blast furnace hearth is known thanks to several thermal modelling studies. For instance,
Gdula et al. [1] built a 2D model in which the hearth was represented as concentric lining
layers. These layers were divided into several regions where the temperatures are unknown.
By solving the problem region after region, the unknown temperatures were determined.
Kurpisz [2] extended this model to take into account the erosion of the carbon blocks. More
recently, models using the finite element method were developed [3,4]. Concerning the
thermomechanical computation (in which the thermal field is part of the loading), few models
exist, and they propose some simplifications. For example, Gruber et al. [5], using a finite
element software, modelled a slice of the hearth wall considering the dry joints but not the
mortar joints of the masonries. The bottom was not modelled. Piret et al. [6] performed an
axisymmetric simulation by finite elements. The model considered the “thick” joints
(containing the ramming mix) and the contacts between the carbon blocks, but not the mortar
joints of the bottom and ceramic cup (the behaviour of these two masonries comprising bricks
and mortar was simplified as the behaviour of the bricks alone). There is therefore currently
no model that considers all the joints in the masonries of a blast-furnace hearth. However, it is
known that these joints play an important role in the structure behaviour, decreasing the
stresses [7, 8].

The difficulty when considering a finite element model is to correctly represent the
thermomechanical behaviour of the masonries with mortar joints. It is not possible to
represent each brick and each joint because they are too numerous. The computational time
will be too high, and problems of convergence would occur in the case of joint opening
(corresponding to mortar failure or brick/mortar interface failure) due to contact management.
To overcome these problems, it is proposed here to replace the masonry by a homogeneous
material that has a behaviour equivalent to the set of bricks and joints, using a periodic
homogenization technique. This approach was already used for refractory masonries with dry
joints [9] and has to be adapted to mortar joints (contrary to dry joints for which it is
necessary to use a joint closure criterion, a joint opening criterion must be defined here).

To determine the properties of the homogeneous equivalent material of the different
masonries of the blast furnace hearth, it is necessary to know beforehand and to model the
mechanical behaviour of the different materials (bricks and mortars) of the masonries from
room temperature (R.T.) up to 1450°C. It is also necessary to determine the brick/mortar
interface strength to identify the parameters of the joint opening criterion.

Another important material is the carbon ramming mix located between the steel shell and the
carbon blocks. Its high-compacting behaviour is very specific. It can absorb the deformation



of the parts submitted to high thermal loads. Its behaviour is represented with a modified
Cam-Clay model.

In the following, the material properties (associated to the different material behaviour laws)
are presented first. The periodic homogenization procedure will then be described, with its
application to the ceramic cup and the bottom. Finally, the finite element model of a blast
furnace hearth will be presented in two steps: the thermal and the mechanical models (thermo-
mechanical uncoupling is assumed). The results are compared to measurements performed on
a real blast-furnace.

2. Characterisation of materials behaviours

The blast-furnace hearth is made of several materials (Figure 3). The bottom is made of a
castable at the centre, and three layers: carbon blocks, a masonry made of alumina bricks
(mullite) and alumina cement A, and a masonry made of chamotte bricks and alumina cement
A.

The wall is made of a steel shell, a ramming mix, a carbon block layer, a castable and a
ceramic cup (masonry with SiAlOn bonded corundum bricks and alumina cement B).

Steel shell

),

Castable

SB corundum bricks

| Mullite bricks
Chamotte bricks

Castabl

Carbon blocks Ramming mix

Figure 3: Materials of the blast furnace hearth.

2.1 Material properties

The behaviour of the steel is isotropic linear elastic (Young’s modulus E=210 GPa, Poisson’s
ratio v=0.3) at the stress level (less than its elastic limit) found in the steel shell of a blast
furnace, and temperature independent (the steel shell temperature is close to room
temperature). All other materials have a linear behaviour until 1000°C. Only the materials in
contact with the pig iron are submitted to a temperature higher than 1000°C and present a
visco-plastic behaviour. In this first approach, for simplification, this nonlinear behaviour at
high temperature (over 1000°C) was not considered. So, carbon block, brick, mortar and
castable behaviours are assumed to be as isotropic linear elastic, but temperature dependent.

Young’s moduli were determined using uniaxial compression tests at different temperatures.
The tests were performed on cylinders with a height of 50mm, an external diameter of 50mm
and an internal diameter of 12mm. In the case of mortars (cements A and B), the specimen
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was made of 3 layers of mortar and 4 washers of brick (the same brick material as the one
associated to the mortar in the blast-furnace), see Figure 4. The Young’s moduli obtained
versus temperature are given in Table 1.
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Figure 4: Specimen to determine the mortar behaviour.

20°C 500°C 900°C 1200°C 1450°C

Carbon 10.2 10

Cement A 0.48 0.29 0.05 0.02
Cement B 1.24 1.22 0.16 2.78
Castable 14.3 13.5 3.6
SB corundum 13.8 8.3 34 11
Mullite 18.6 23.6 11.9 2.5
Chamotte 8.4 6.4 0.6

Table 1: Young’s moduli (GPa) of the different materials constituting the blast-furnace hearth

versus temperature (since some materials are exposed only to high temperatures, and others to

“lower” temperatures, depending on their location in the lining thickness, they were not tested
at all temperatures between 20°C and 1450°C).

2.2 Brick/mortar interface

The opening of joints corresponds to the failure of the brick/mortar interface or the mortar.
The shear strength of the brick/mortar interface typically depends on the normal stress applied
to the interface. This friction type behaviour can be described by the Mohr-Coulomb yield
function:

f(z, 04, @) = |t| — Cc + o tand (1)

where [is the shear stress, T, is the normal stress (negative in compression), ¢ is the cohesion
of the material and ¢ is the internal angle of friction (Figure 5). Determination of cohesion



and the internal friction angle requires the measurements of normal and shear stresses until
failure.

A tensile cut-off corresponding to tensile failure is added to complete the interface failure
criterion. It is defined by:

flonfe) =on—f2 ()

where f; is the tensile strength (Figure 5). In a tensile test of a quasi-brittle material, carried
out under controlled displacement, the tensile strength corresponds to the peak of the stress-
displacement curve.

A

||

/i

Figure 5: Brick/mortar interface failure criterion [10].

The parameter identification of these two criteria is extensively described in Brulin ez al. [10].
The parameters of the Mohr-Coulomb failure criterion were obtained using slant shear tests.
The specimens, made of two bricks and a mortar joint inclined with respect to the horizontal
line (Figure 6), were submitted to a normal compression load. Depending on the angle of
inclination, the ratio between normal and shear stresses is different. With tests on specimens
with three different angles, it is then possible to determine the cohesion ¢ and the internal
angle of friction ¢.

(a) (b)
Figure 6: Failed specimens (of section 35x35 mm?) with different angles of inclination after a
slant shear test: (a) interface failure, (b) mortar failure.



The tensile strength f; was obtained with a specific tensile test [10] performed on a
brick/mortar specimen (Figure 7) fixed on the testing machine with nickel-chromium alloy
wires, flexible enough to ensure the alignment of the loading “chain”.

Figure 7: Brick/mortar specimen for tension test and its mould [10].

Table 2 shows the values of cohesion, friction angles and tensile strengths determined at
different temperatures for the interface between either mullite bricks and cement A or
corundum bricks and cement B. The values are almost constant until 900°C, but a marked
decrease in the interface strength is observed at 1200°C and 1450°C.

Mullite/cement A SB corundum /cement B
Temperature | c (MPa) ¢ (®) f: (MPa) c (MPa) ¢ (®) fi (MPa)
R.T. 3.44 35 1.29 2.82 53 1.96
900°C 3.29 52 1.03 4.74 47 1.89
1200°C 0.18 0.21
1450°C 0.12 48 0.04 56

Table 2: Cohesions, friction angles and tensile strengths identified at different temperatures
for the interfaces mullite bricks/cement A, and corundum bricks/cement B (tensile strengths
are limited to 1200°C due to wire creep during tensile tests for higher temperatures).

2.3 Ramming mix

A ramming mix made of graphite (80%) and coal tar (20%) is located between the carbon
blocks and the steel shell. It is porous, so it is easy to compact: plastic deformations appear
during compaction, that lead to volume change and stiffness increase. It absorbs the thermal
expansion of the different refractory linings, and it protects the steel shell. In the blast furnace,
its temperature is between 20°C and 80°C.

This type of behaviour with hardening can be modelled by a Modified Cam-Clay model [11]
which is an extension of the theory developed by Roscoe and Burland [12] for geotechnical
materials. This model is based on a yield surface given by the associated flow rule:
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where p is the hydrostatic pressure, g the equivalent von Mises stress, M the slope of the
critical state line, a the size of the yield surface and £ a constant which can modify the shape
of the cap (see Figure 8).

4 Critical state line p=0.5

p=1

/

A M

&

1 Pe Pe ]

Figure 8: Yield surface and critical state line of the Modified Cam-Clay model [13].

For a hydrostatic compression p., the yield stress is given by:

pc = a(l+p) “)

The hardening behaviour is characterized by the growth of the yield surface size defined by
the evolution of a [13].

To determine the parameters of this model, triaxial tests and die compaction tests were
performed between 20°C and 80°C. The description of these tests, the results obtained, the
parameter identification, and the model validation are extensively presented in Brulin et al.
[13]. Table 3 gives the values of the yield surface parameters for three different temperatures.

Temperature (°C) 20 50 80
M 1.18 1.1 1.1
B 1 0.56 0.21

Table 3: Parameters of the yield surface of the modified Cam-Clay model for the ramming
mix.

3. Masonry modelling

In masonries, joints between bricks play an important role. In a blast furnace hearth, they are
made of mortars that have a stiffness much lower than that of bricks. They allow the decrease
of the stresses in the masonry because they counterbalance the deformation due to thermal
expansion. So, it is necessary to take them into account during a numerical simulation. In a
finite element model of a real industrial structure (with thousands of bricks), it is not possible
to model each brick and each joint (due to problems of convergence and very high computing
time cost). The idea here is to replace the masonry by a homogeneous material that has a
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behaviour equivalent to that of the masonry. The properties of this equivalent material were
determined using a periodic homogenization technique [14-16].

3.1 Periodic homogenization step

The studied masonries present a periodical structure. Therefore, to perform the
homogenization, the Representative Elementary Volume (REV) corresponds to the
elementary cell that is reproduced periodically.
The equivalent material has an orthotropic elastic behaviour because:

- the masonries present three orthogonal planes of symmetry,

- the number of joints is different in the two directions of a wall,

- joints can be open (failed mortar or brick/mortar interface) in one direction and closed

(safe mortar and brick/mortar interface) in the other direction.

In that case, the stiffness matrix C (that links macroscopic stresses 2;; to macroscopic strains
Ew) has nine independent components (Cijk):

211 C1111 C1122 C1133 0 0 0 Ell
z:22 C1122 C2222 C2233 0 0 0 E22
0

233 _ C1133 C2233 C3333 0 O E33 5
.= 0o 0 0 Cpps 0 0 ||2Es )
5.5 0 0 0 0 Cuas 0 J\2E,
5., 0 0 0 0 0 Cup/ \2E,

To identify these nine components, nine different loads (three uniaxial tension or compression
loads, three biaxial tensile or compression loads and three shear loads) were simulated by
finite elements on the REV. These loads correspond to homogeneous macroscopic strains

represented by the second order macroscopic strain tensor E:
_ Ein Eip Ez
E=(E2 Ezn Ex (6)
Ei3 Ezs Esz

The strain energy density w of the REV is written as:

1
w = §(C1111E121 + C2222E%, 4 C3333E33) + C1122E11E22 4 Ci133E11E33 + Co233E5,E33 +
2(Cy212E%; + Ci313Efs + Cp323E33) (7)

For example, considering a uniaxial tension load in direction 1, the homogeneous

macroscopic strain tensor is:
_ Ei1 0 O
E = ( 0 O 0) ()
0 0 O

So, from equations 7 and 8, the strain energy density is equal to:

1
w = 5C1111E121 )



This strain energy density is obtained by a finite element computation on the calculation
domain (the REV or one part of it if it shows some geometrical symmetries). Loads and
boundary conditions are presented on Figure 9 for the uniaxial tensile load in direction 3 in
the case of a 3D REV with two planes of symmetry ((1,3) and (2,3)). Notice that the boundary
conditions consider the periodicity and symmetry properties.

s 2 u1=0 u,=0

L
|

U‘)ZO u1=0

Figure 9: Calculation domain (see Figure 10), load (displacement u3) and boundary conditions
(displacements u; in direction i) for a uniaxial tensile load in direction 3.

The calculated strain energy allows with Equation 8 the determination of the stiffness
component Cjjy;:

2w

Ci111 = E_ﬁ (10)

The eight other stiffness components are determined in a similar manner with the eight other
loads.

In the case of a 2D axisymmetric modelling in plane 12 (which is the case here, see section 4),
shear stresses in planes 13 and 23 are zero. So, the stiffness components C;3;3 and Cz323 are
not necessary, and hence are not computed.

During loading, the mortar or the interface between brick and mortar can fail. This
corresponds to a joint opening. In a masonry with different joint directions, joints can be open
in some directions and closed in others. This corresponds to different “‘joint states” [16]. The
number of joint states depends on the number of different joint directions. For example, in a
masonry with two joint directions (bed and head joints), four states are considered [9].

In each state, the masonry will have a different behaviour. It is therefore necessary to perform
the periodic homogenization for each state to determine the parameters of the equivalent
material. For each state, it is assumed that the equivalent material has an elastic linear
behaviour, but due to the possible state changes during the masonry loading, the masonry will
have globally a nonlinear behaviour.

The last step consists in formulating a criterion that defines the condition of joint opening (to
go from one state to another). This corresponds to the failure of the brick/mortar interface or
the mortar in shear or in tension as defined in subsection 2.2.

The equivalent material behaviour law of the masonry (for the different joint states and with
the brick/mortar interface failure criterion) is introduced in a finite element software using a
user material subroutine.

3.2 Homogenization of the ceramic cup masonry

10



The ceramic cup is a cylindrical wall made of alumina (SB corundum) interlocking bricks
with mortar (Figure 9). Due to the large diameter of this cylinder (almost 15m), it is possible
to consider this masonry as flat to determine the parameters of the equivalent material in
Cartesian space. The elementary periodic 3D cell has two planes of symmetry, so the

computational domain, made of bricks and mortar, is one quarter of this periodic cell (Figure
10).

Computational domain

Figure 10: Ceramic cup masonry and domain of FE computation (one quarter of the periodic
cell).

For this masonry, bed and head joints are present. So four joint states (combination of open or
closed bed and head joints) must be considered (Figure 11). An equivalent orthotropic
behaviour is determined for each of these states under several temperatures. For example,
Table 4 gives the stiffness components at 1450°C. It can be noticed that joint failures cause

some stiffness components to be reduced to zero.

State 1 State 2 State 3 State 4

Figure 11: Joint states for the ceramic cup masonry (failed/open joints are in white).

State 1 State 2 State 3 State 4
Ciin1 (MPa) 11335 10712 10783 10330
C222 (MPa) 10764 9975 851 527
Cs333 (MPa) 10835 0 10341 0
Ci122 (MPa) 2563 1935 222 0
Ci133 (MPa) 2584 0 2063 0
C2233 (MPa) 2463 0 255 0
Ci212 (MPa) 4069 4036 1093 0

Table 4: Stiffness components of ceramic cup masonry equivalent material at 1450°C.
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The joint opening criteria (which make it possible to go from one joint state to another) are
presented on Figure 12. They are a combination of tension failure (tensile cut-off) and shear
failure (Mohr-Coulomb). The values of f;, ¢ and @ are given in Table 2 for different
temperatures. For example, to go from state 1 to state 2, the vertical joints can open by tension
in direction 3 or by shear in the plane (1,2). In that case, the vertical joint is assumed to be
totally broken (open) in the REV.

State 1
[Z12] > ¢ — Z33tang , [Z13] > ¢ — Zy,tang
z:33 > ft 222 > ft
State 2 State 3
2
!
3 {_
State 4

222 > ft ;i 2:33 > ff
|213| >c— Zzztan(P l 2 |212| >c— 233tan¢

Figure 12: Joint opening criteria for the ceramic cup masonry.

3.3 Homogenization of the bottom masonry

The bottom is made of two masonry layers (one with chamotte bricks, the other with mullite
bricks) with a radial design (Figure 13). Each layer includes twenty crowns of bricks. Each
crown is made of two types of bricks with different dimensions (the maximum difference in
dimension between the smallest and the largest brick is 10%). Furthermore, due to the change
of radius between the crowns, the shape of the bricks evolves from inside to outside crowns.
Consequently, the radial masonry is not periodic.

To simplify the modelling, it was considered that each crown is periodic (that means only
along the orthoradial or circumferential direction), using a “mean” brick with mean
dimensions. In that case, the periodic cell consists of one brick (and some mortar joints). Due
to symmetry, the computational domain is half of a brick (Figure 13). An equivalent material
was determined for each crown. It was observed that the differences between the coefficients
obtained for the different crowns are less than 10%. It was then considered that the radial
masonry can be modelled by a homogeneous material that behaves like crown number 10
which is the “mean” crown. Note that the orthotropic behaviour is written in a cylindrical
coordinate system.

12
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cell

Symmen}/

Computational
domain

Figure 13: Bottom masonry and computational domain.

For this masonry, three directions of joints are present (see Figure 13): horizontal joints
located in the (1,3) plane, vertical joints in the radial direction and vertical joints in the
circumferential direction. So, eight joint states (combination of open or closed joints in the
three directions) must be considered (Figure 14). An equivalent orthotropic behaviour was
determined for each of these states and for several temperatures. For example, Table 5 gives
the values obtained at 1450°C for the bottom masonry made of chamotte bricks. As
mentioned previously, in the case of a 2D axisymmetric modelling in plane 12, shear stresses
in planes 13 and 23 are zero. So, the stiffness components C;3;3 and C2323 are not necessary.

ggs

State 1 State 2 State 3 State 4
State 5 State 6 State 7 State 8

Figure 14: Joint states for the bottom masonry (failed/open joints are in white).
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State 1 | State2 | State 3 | State4 | State 5 | State 6 | State 7 | State 8
Cun 522 508 508 0 497 0 0 0
Co 556 540 0 540 0 527 0 0
Cs3333 461 0 455 447 0 0 439 0
Cux 109 94 0 0 0 0 0 0
Cii33 91 0 83 0 0 0 0 0
C2233 97 0 0 87 0 0 0 0
Ci2 197 196 0 0 0 0 0 0

Table 5: Stiffness components (in MPa) of bottom masonry (made of chamotte bricks)
equivalent material at 1450°C.

In the same manner as for the ceramic cup, joint opening/failure criteria were defined between
the eight joint states (joints can fail in tension or in shear), see Figure 15.

State 1 2

@ i

[Z5] > ¢ — 2,1 tan®
[Z13] > ¢ - Zyytand
Zo2> fi

[Z12] > ¢ — Z33tand®

Z33 > fi 1> fi

State 2

[

[Z13] > ¢ — Ty tand
22> ft

State 4

L

|Z13] > ¢ — Ty, tan®
2> fi

State 3

[Z3] > ¢|- 2y tand

22> fi

[Z53] > ¢ — 2y tan®
In>fi

[Z12] > ¢ — Z33tand
I33> ft

State 8

Figure 15: Joint opening criteria for the bottom.
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4. Blast-furnace hearth modelling

A thermomechanical finite element model of the blast furnace hearth was built using Abaqus
software. Due to the shape of this structure, it is possible, in a first approach, to use a 2D
axisymmetric model to reduce computational time. The structure was meshed with
axisymmetric quadrilateral elements with four nodes. The mesh (Figure 16) is made up of
14300 elements and 16000 nodes.

A weak thermo-mechanical coupling was considered. First, the thermal field was computed
considering the different thermal transfers (material conduction and convection with the
surrounding environment). Secondly, this thermal field was used as load (in addition to the
other mechanical loads) in a mechanical computation to determine displacements and stresses.
As the mesh is the same for the two simulations, the node temperatures obtained in the
thermal simulation were directly applied on the same nodes of the mechanical simulation.

3 {

L |

3 i
{

1 i

i

1

| Figure 16: Mesh of the blast furnace hearth.

Each carbon block is represented, with contact with its neighbours. To perform the
mechanical computation with many contacts, an explicit approach was used.

The bottom and ceramic cup masonries were replaced by their temperature dependent
equivalent materials. The equivalent material behaviour laws were introduced in Abaqus
using a subroutine (VUMAT).

4.1 Thermal modelling

Since the steel shell is cooled during operation, a temperature of 30°C was imposed on the
outer steel shell face. Cooling tubes (with water) are also located under the carbon blocks in
the blast furnace hearth bottom. They are embedded in the ramming mix which is not
modelled in the bottom. Consequently, the heat transfer (between the water and the carbon

15



blocks) by conductivity in the ramming mix was replaced by an equivalent heat transfer by
convection (that assumes a perfect heat transfer between water and tubes and between tubes
and ramming mix) directly between water (at a temperature of 30°) and carbon blocks (Figure
17). The heat transfer coefficient (126 Wm™K!) was obtained by dividing the ramming mix
conductivity (13.9 Wm™'K™!) by the ramming mix thickness (110 mm).

The heat exchanges between the pig iron and the hearth masonries (bottom and wall) were
modelled by a convection, with a heat transfer coefficient of 150 Wm?K! (this value is the
one used by the design offices responsible for the thermal calculations) and a pig iron
temperature of 1450°C (Figure 17).

All thermal contacts are assumed to be perfect (the total heat flux goes through the interface).
The initial temperature is 20°C. The steady state thermal field is then determined by solving
the heat equation (time independent and without an internal heat source):

divg =0 (11)
with g the heat flux density given by the Fourier law:

q = —k(T)gradT (12)

.

Thermal exchanges
T=1450°C
h=150 W.m2.K-!

=30°C

Cooling: T

Thermal exchanges
T=30°C h=126 W.m2.K!

Figure 17: Thermal axisymmetric modelling of the blast-furnace hearth.

4.2 Mechanical modelling

For the mechanical modelling, the contact with friction was defined between the different
layers and between the carbon blocks using a Coulomb contact law. The friction coefficients
were measured at room temperature using an inclined plane [18]. They are equal to the
tangent of the angle of inclination corresponding to the beginning of relative sliding between
the two materials. The friction coefficients obtained were: carbon/carbon (0.25),
castable/carbon (0.7), steel/ramming mix (0.2) and carbon/ramming mix (0.3).
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The masonries were replaced by their corresponding equivalent material (section 3). The
Modified Cam-Clay model was used for the ramming mix.

The hearth is laid on the ground, so vertical displacement of the bottom surface of the hearth
is equal to zero (Figure 18). The axisymmetry condition results in a zero-horizontal
displacement on the vertical axisymmetric axis.

The loads are as follows (Figure 18):

The thermal field obtained by the thermal model

The gravity

The hydrostatic pressure (0.4 MPa at the bottom level, zero at the top of the
hearth) on the internal faces (bottom and wall) due to pig iron (density of
6400kg/m?), slag (2700kg/m?) and coke (450 kg/m?) floating on the liquid iron.
The maximum value (0.4 MPa) was obtained by multiplying the density by the
gravity acceleration and the liquid height

The gas pressure (0.5 MPa) applied on the steel shell (the refractory materials
being porous, the gas can go through them and reach the steel shell)

The pressure (15 MPa) at the top of the wall corresponding to the load of the top
part of the blast furnace. This load represents the weight of the top part, but also
the vertical loads applied to this part (gas pressure and load due to friction between
the steel shell and the burden mass during its descent).

Equivalent
structure
pressure

Gravity

Gas pressure |

>

>
—

—

Pig iron pressure —|

LD

> =
e A b AL

Figure 18: Mechanical loads and boundary conditions.

Ty

5. Results and discussion

The temperature field obtained is presented in Figure 19. The influence of the ceramic cup
can be observed. It plays the role of insulation decreasing the temperature in the carbon
blocks (maximum of 500°C).
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Temperatures were compared to measurements obtained by Saint-Gobain with 17
thermocouples located in the carbon blocks (12 in the wall and 5 in the bottom) in a real blast
furnace (Figure 19). These measurements correspond to 24-hour average values, one month
after the first heating (the steady state of the blast furnace was reached). Table 6 shows a good
agreement between measured and computed temperature values (the maximum relative
difference is 16%) considering the precision of measurements and thermocouple location.
Therefore, the temperature field is validated and can be used for the mechanical simulation.

Temperature (°C)

1446
- 350
B 150
—_ 950
B 750
550
350

® Thermocouples

Figure 19: Computed thermal field and location of the thermocouples.

Measured | Computed | Difference
Thermocouple | temperature | temperature (%)
O O

A 212 231 9
B 139 127 9
C 165 153 7
D 102 93 9
E 132 124 6
F 81 78 4
G 94 102 9
H 69 73 6
I 64 74 16
J 51 56 10
K 58 63 9
L 48 50 4
M 300 311 4
N 260 264 2
0O 147 170 16
P 141 157 11
Q 91 105 15

Table 6: Comparison between measured and computed temperatures.
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To observe the influence of joint opening in the masonry, but also the ramming mix initial
relative density (RD), four mechanical models were tested:
- No joint openings and RD=80% (corresponding to a density of 1450 kg/m’, a
value generally observed in the blast furnace)
- No joint openings and RD=92% (corresponding to a density of 1680 kg/m?, which
is the recommended theoretical value)
- Joint openings and RD=80%
- Joint openings and RD=92%.

Figure 20 shows the joint openings in the bottom and ceramic cup masonries. It can be
observed that most openings concern the bottom part of the bottom masonry with vertical
joint opening (state 2). On the other hand, no joint openings are present at the surface in
contact with pig iron, showing that the blast furnace hearth is watertight to molten iron.

State 8
~ State 7
~ State 6
| State 5

State 4

State 3

State 2
| State 1

Figure 20: Joint openings in masonries, bottom and ceramic cup (black zones are made of
castable).

Figure 21 shows the evolution of the von Mises stresses in the steel shell along a vertical line
for the four models. The maximum values are in the bottom area, due to the bottom
expansion.

The possible joint openings allow a decrease in the stresses, in particular in the bottom area
(due to joint openings in the bottom, see Figure 20). Likewise, the decrease in the ramming
mix relative density leads to a decrease in these stresses due to a higher deformation capacity.
This influence is lower in the case of joint openings, however: the stresses are the same until a
height of 3 m, and only differ for a higher height. This can be explained by the fact that
almost all joint openings occur in the bottom, a phenomenon that will decrease the stresses
considerably (maximum stresses divided by 2).

The elastic limit of the steel shell is 250 MPa. For safety reasons, however, the maximum
admissible von Mises stress must not exceed 100 MPa after a few weeks of operation (the
stresses can be higher during the first heating but subsequently decrease due to relaxation).
The model that considers the joint openings, with an initial ramming mix relative density of
80%, gives a maximum von Mises stress just over this limit (Figure 21).
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Figure 21: Von Mises stresses in the steel shell.

Figure 22 reports the evolution of the radial displacement of the steel shell along a vertical
line for the four models. As for von Mises stresses, the joint openings and the decrease in the
ramming mix relative density decrease the radial displacements, in particular in the bottom
area.

A value of 5 mm of the radial displacement at a height of 5 m was measured on the real blast
furnace. This value corresponds to the model that considers the joint openings, with an initial
ramming mix relative density of 80%. This relative density value is quite close to the real
value. It is difficult to determine it precisely during the construction of the blast furnace due to
manual compaction. However, some measurements on real blast furnaces suggest that an 80%
relative density is the most probable installation state.
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Figure 22: Radial displacement of the steel shell as a function of the height.

Two strain gages were glued on the steel shell at a height of 3 m. They measure the axial (€.,
= 450.10°) and circumferential (€s6 = 50.10°) strains. Assuming that the steel shell is in a
plane stress state and that radial, orthoradial and axial directions correspond to the principal
stress directions, the stress tensor can be written in the cylindrical coordinate system (r, & z)

as follows:
0 O 0
E = (0 Opo 0 ) (11)
0 0 o,
In that case, the strain tensor is written as follows:
&r 0 0
&= ( 0 o 0 ) (12)
0 0 &,

The linear elastic isotropic behaviour law is:
&F=2uE+ATrd)é  (13)

where A and  are the Lamé coefficients, and 5 the second order identity tensor. One deduces:
A
STT = - (ZPH')-) (899 + SZZ) (14)

099 = (21 + Degg + A(err + £45) (15)
0z, = Qu+ ez, + A& + €99) (16)

The equivalent von Mises stress is equal to:

21



q= \/% [0-629 + O-ZZZ + (069 - UZZ)Z] (17)

A value of 94 MPa is obtained for the Von Mises stress (which is less than the steel elastic
limit). Table 7 shows the comparison of the strains given by the four models and the measured
strains. The two models with joint openings give the same values as already observed in
Figure 21 at a height of 3 m (the ramming mix initial relative density has little influence on
strains in the case of joint openings).

It is observed again that the model with joint openings and the lower ramming mix density
gives the results closest to those of the measurements. But the computed values are still too
high. This is due to the fact that the model does not take into account the visco-plastic
behaviour of the refractory materials at high temperature [18]. This nonlinear behaviour is the
origin of creep and relaxation in refractory structures which decreases the stresses over time.
This phenomenon plays an important role and therefore will be considered in further
investigations [19].

Axial strain Circumferential strain | Von Mises equivalent
(10°%) (10%) stress (MPa)

Measurement 450 50 94
No openings + 1130 230 240
RD=92%

No openings + 800 180 171
RD=80%

Openings + RD=92% 650 130 137
Openings + RD=80% 650 130 137

Table 7: Comparison of strains between measurements (by strain gages) and the four models.

6. Conclusions

An axisymmetric thermomechanical model of a blast furnace hearth was built by coupling the
homogenization technique and the finite element method. It considers the material
temperature dependent behaviour and the specific ramming mix compacting behaviour. The
masonries with mortar joints were replaced by homogeneous orthotropic materials whose
behaviour approximates that of the masonries. The brick/mortar interface strengths were
measured, enabling a joint opening criterion to be identified which was then used to determine
the joint state (open or closed) during the loading.

The results obtained were compared to some measurements obtained on a real blast furnace:
temperatures from 17 thermocouples, steel shell radial displacement and strains. The
comparison shows that the numerical model reproduces these measurements accurately. The
simulations have shown that joint opening and ramming mix play an important role,
decreasing the stresses. The initial relative density of the ramming mix must not be too high,
otherwise the stresses in the steel shell will exceed the maximum allowed stress.

This model will be of help for blast-furnace design as it allows the modification of some
parameters (geometry, ramming mix initial density, brick size and shape, joint thickness,
material properties, lining thickness) to observe their influence, to minimize the stresses and
to improve the blast-furnace lifespan.

To improve the model, the next step is to consider the nonlinear behaviour of bricks at high
temperature. Over 1000°C, refractory materials have an elastic-visco-plastic behaviour which
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causes creep and relaxation of the refractory linings. These phenomena decrease the stresses
inside the blast furnace hearth over time.

Another improvement is to consider the wear of the linings (decrease in the thickness) due to
corrosion by gases and pig iron. A simple approach is to consider a reduced lining (bottom
and ceramic cup) thickness in the computation. A more precise approach, but still under
development [20], is to associate a thermochemical model to the proposed thermomechanical
model.
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