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Abstract

In order to prevent cracking and peeling damage in relined refractory bricks which are restrained by

neighboring bricks and furnace steel shell, brick joint design is quite important so as to regulate generated

thermal stress in the proper range in overall brick relining design work. To experimentally reproduce joint

damage under similar restraint conditions to a practical furnace, heating tests were conducted on two

types of alumina bricks tightly relined in the test furnace, and the heating test results were verified with

FEM analysis. It was concluded that the degree of compressed stress generated in restrained bricks is

dominantly influenced by the modulus of elasticity with less influence by the creeping deformation which

contributes to stress relaxation.
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1. Introduction

Refractory bricks relined in furnaces are damaged
with complex causes as they are exposed to
elevated temperatures in operation”. Since cracking
and peeling-off damages extend more rapidly than
other types of damage, their influences on overall
refractory durability are so serious and marked that
prompt preventive measures need to be taken.
Cracking and peeling-off damages are caused by
many factors which can be correlated compositely
in practical operation. Stress generated by thermal
expansion of refractory brick has been cited as one
of the important factors*'”. Relined refractory bricks
are usually restrained by other neighboring refractory
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Fig. 1

Schematic illustration of pinching damage

at brick joints.

pricks and furnace steel shell in a practical lining
structure in furnaces. When heated up, deformation
induced by thermal expansion is suppressed be-
cause of physical restraint on the refractory bricks,
resulting in generation of compressive stress in
the brick body. It is well acknowledged that, as
schematically illustrated in Fig. 17, the edge portions
of the heating face of heated-up bricks conflict
intensely with each other by compressive stress
in the brick bodies, resulting in fracture of edge
portions, namely, pinching damage. Such damage
occurring specifically at the brick joint portion and
other types of cracking damages induced directly
or indirectly by compressive stress generated in
restrained refractory bricks are collectively referred
to as joint damage in this report. When compressive

Table 1 Comparison of Estimation methods on generated compressive stress
or damage caused by thermal stress
(a) Conventional (b) Simple model with | (¢) FEM simulation
model material properties
Schematic
G | T \g
%
T \/
o
— [<—
fiYe) =<
Yo}
Comparing length of Calculate thermal Calculate thermal
brick expansion and stress and compare stress distribution and
structural deformation. | with strength. variation with
properties and
operation data.
Required Thermal expansion, Thermal expansion, Thermal expansion,
data Mortar compressibility, | Mortar compressibility, | Mortar compressibility,
Dimensions. Elasticity, Elasticity,
Dimensions. Creep deformation,
Thermal conductivity,
Heat capacity,
Temperature history,
Kiln structure,
Etc. ...
Feature Low calculation cost. | Sufficient accuracy. High precision.
Fewer data needed. Practical required data. | Applicable to any
situation
(theoretically).
Defect Low resolution. Limited circumstances | High cost for
Depend on empirical | require. calculation and
criterion. data correction.
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Fig. 2 Schematic illustration of simple model for
calculating compressive stress; (a) circum-
ferential direction, (b) axial direction.
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stress generated in the brick body is large, the
magnitude of joint damage becomes severe and
can induce cracking or peeling-off damages in the
affected region. Therefore, sufficient relaxation
of generated stress is an important issue for
suppressing or preventing joint damages in relining
design work. One of the typical methods used to
relax generated compressive stress in brick bodies is
the incorporation of suitable brick joints. The design
work of such joints needs to be elaborated so as
to implement appropriate stress relaxation while
taking into account joint width or characteristics
of filling materials in the brick joints. As indicated
in Table 1, design work on the brick joints, which
has conventionally relied on empirical rule, can
be efficiently conducted by precise estimation of
generated compressive stress or damages caused
by thermal stress in the brick body*"™. Experiments
in which, the stress generated in a brick body by
heating up the brick sample restrained in the uniaxial
direction, was measured have been reported*”.
Even though generated stress was obtained directly
in such experiments, its adoption for brick joint
design work on practical furnace relining structures
should be carefully examined because of the
differences in restraining conditions. A numerical
model in which thermal strain was calculated with
using the difference between thermal expansion rate
and stress relaxation rate is cited as a quantitative
estimation on generated stress. A schematic illust-
ration of such calculation model is shown in
Fig. 2, and the calculation equations are shown in
equations (1) and (2). This calculation model, a
one-dimensional linear model in which nonlinear
events, such as softening behavior of brick, are not
considered, can be used to easily provide guidelines
for brick joint design work.
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> Inner temperature
: Distance from center of surface

o« (r,T) : Thermal stress in circumferential direction
Oss(r, T) : Thermal stress in axial direction

E(AT)

: Modulus of elasticity (MoE)

AT(r,T) : Temperature change from R.T.

Q brick : Coefficient of thermal expansion of brick

A sheu : Coefficient of thermal expansion of steel shell
ATqwa(T) : Temperature change from R.T. in steel shell
o : Joint width

S : Compressibility of joint material

N : Number of bricks in circumferential direction
{ : Brick length in axial direction

/ : Frequency of dry joint with no joint material
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For more sophisticated estimation, the computer
simulation representative finite element method
(FEM) computing technique can be exploited®”.
Generated stress is numerically calculated referring
to characteristics of refractory bricks, temperature
changes and lining structures so as to evaluate
probability of crack initiation in the computer
simulation works. Even though such computer
simulation work requires commensurate calculation
cost, the timing and location of crack initiation, as
well as its extending direction can be estimated
with reasonable precision in return.

A series of experiments in which joint damages
are reproduced under similar restraint conditions in
practical lining structure were conducted, and the
obtained results of experiments were evaluated with
FEM analysis. The influences of the characteristics
of refractory bricks on joint damage patterns and
influencing factors on joint damages are described in
this article while considering details of experiments
and numerical analysis.

2. Experiment

2. 1 Heating test of refractory bricks under
restraint
A heating test was conducted with refractory bricks
relined in test furnace to experimentally reproducing
joint damage under similar restraint conditions to
those of practical furnaces. As shown in Fig. 3, 10 of
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Fig. 3 Appearance of refractory bricks relined in
test furnace.

Table 2 Major specifications of sample bricks

Brick A Brick B
ALO: content / % 9 90
Apparent porosity / % 18.0 16.0
Bulk density / kg-m”~ 3.3-10° 3.0-10°
Crushing strength at R. T. / MPa 88.0 98.0
Thermal expansion at 1000 C / % 0.80 0.60
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Fig. 4 Modulus of elasticity of sample bricks at
various temperatures.
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refractory bricks were relined circumferentially in the
test furnace. The brick samples were relined quite
tightly with minimized joint width to be restrained in
the circumferential direction. The bricks were tightly
relined with less than 0.2 mm of joint width, which
was secured with a thickness gauge. In the heating
test, inner surface of the relined bricks was heated
up to 1500 C with 4 °C/min of heating rate by the
heaters. During the heating test, the temperature
of the test furnace steel shell was kept at 30 ‘C by
water cooling so as to suppress deformation.

Two types of general-purpose alumina brick
were used for the heating test. Major specifications
of the sample bricks are summarized in Table 2.
Alumina brick A, with high alumina content, is
characterized by superior chemical characteristics
such as corrosion resistance. Alumina brick B was
designed with the intention to secure its physical
properties. The noteworthy difference between the
two types of brick is their mechanical characteristics
at elevated temperatures. The modulus of elasticity
(MOE) is compared between brick A and brick B at
various temperatures in Fig. 4. Creep deformation
is compared between brick A and brick B under
various conditions in Fig. 5. Since, in comparison
with brick A, brick B exhibits smaller MoE and higher
creep deformability, better stress relaxation in brick
B is expected.

2. 2 Stress calculation by FEM analysis

FEM analysis was carried out to analyze therelation
among the heating test results such as magnitude
and location of initiated joint damages, the stress
expected to be generated in the sample bricks, and
the physical properties of the sample bricks. As
shown in Fig. 6, in which the FEM analysis model is
illustrated, two pieces of half of the sample bricks
were modelized. Thermal expansion coefficient,
MoE and creep deformation were taken into
account as physical properties of the bricks, which
influence generated stress and its relaxation. The
FEM analysis results were evaluated by calculated
minimum principal stress and the influences of the
physical characteristics of the brick on minimum
principal stress were examined.
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Fig. 5 Creep deformation of sample bricks at
various temperature.
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Fig. 6 Model for FEM analysis.
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3. Results and Discussion

3. 1 Heating test of refractory bricks under
restraint

The top surfaces and heating surfaces of two types
of alumina bricks after a heating test under restraint
in the test furnace are comparatively shown in Fig. 7.
Cracks were observed at the vicinity of the brick joints
on the top surfaces of brick A along with peeling
damages on some heating surfaces. No significant
crack was observable in brick B. It is inferred that
further progression of cracking at the vicinity of the
pbrick joint on the heating surfaces would lead to
pinching damage. It was also inferred that peeling
damages on some heating surfaces of brick A were
induced by compressive stress generated in the
prick body. In short, experimental reproduction of
joint damages was successfully performed.

3. 2 \Verification of heating test results with
FEM analysis

As one of the FEM analysis calculation results,
the distribution of the minimum principal stress in
brick A and brick B at 1000 ‘C are comparatively
shown in Fig. 8. Intensive stress was generated near
the heated surface in association with sharp stress
concentration at the brick joints in both brick A and
brick B. The location of the generated stress at the
back face corresponds to the contact point between
brick and the test furnace steel shell. Despite a
similar pattern of distribution of minimum principal
stress, the intensity of the generated stress in brick
A was much bigger than that in brick B. This verified
the differences in the degree of initiated damages in
the two types of bricks in the heating test.

A series of FEM analysis simulations are conducted
with varying MoE based on FEM analysis on brick A
to evaluate the degree that the physical properties
have the intensity of generated stress. The influence
of MoE on minimum principal stress is shown in
Fig. 9. The stress showed negative value and the
absolute value corresponded to the compressive
stress. In accordance with the lowering of MOE,
the compressive stress was lowered. At around 0.4
times the MoE of brick A, the compressive stress
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Brick A

Brick B

Fig. 7 Appearance of top surface and heating surface of sample bricks after heating test.

Brick A

-100

-200

Brick B

Fig.8 Minimum principal stress distribution calculated by FEM analysis.
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pecame almost the same value as that of brick B. It
is inferred that, since 0.4 times the MoE of brick A
coincides to that of brick B, the generated stress was
dominantly influenced by MoE. Despite difference
in creep deformation between the two types of
brick, the actual deformation of the bricks was not
significant, and the influence of the softening of the
brick on stress relaxation was not so marked in the
case of this study. It is inferred that in the case of
pricks which are characterized by high deforma-
bility by softening, for example, fireclay refractory
bricks, the influence of stress relaxation caused by
deformability of brick, such as creep deformation, on
generated compressive stress would be prominent.
It was thought that, when joint damage in refractory
pricks with deformability larger than that of brick
examined B, nonlinear behaviors of the brick need
to be taken into account. It was noted that, because
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Fig. 9 Influence of variance in modulus of elasticity
on minimum principal stress at 1000 C.
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of the high temperature dependency of MoE, MoE
at elevated temperatures should be adopted for
computer simulation work.

4. Conclusion

Heating tests were conducted on two types of
alumina bricks which were tightly relined in the test
furnace, namely, they were under physical restraint.
FEM analysis was also conducted to analyze the
heating test results. Joint damage was reproduced
experimentally In the heating test under similar
restraint conditions in practical furnaces. FEM
analysis revealed that compressive stress generated
by heating was maximized at roughly 1000 C with
indication that crack initiation took place in the
intermediate temperature range. It was concluded
that, in the heating test on alumina bricks, occurrence
of joint damage is dominantly influenced by Mok
with smaller influence of creeping deformation
which would contribute to stress relaxation.
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