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Thermal Stress Formula for Estimation of Spalling Strength
of Rectangular Refractories

Ichiro KATO, Yoshiyasu MORITA, and Fuminori Hikami

Synopsis :

For the purpose of designing a long life furnaces, much efforts toward preventing thermal spalling at—
tack of inner lining refractories have been made. The present study has been undertaken to investigate
the quantitative effect of the size, heating conditions, and external constrains on the thermal stresses in—
duced in a rectangular refractory heated from one end.

The main results obtained are as follows :

1) According to the result of F.E.M. calculations, a large tensile stress {¢,) perpendicular to the hot face
which may cause thermal spalling cracking is induced along the center axis of a refractory heated from
one end.

2) &, can be well approximated by the sum of two 2-dim. solutions, each corresponding to the analy—
sis on the x—z plane and y-z planec. :

3) The maximum thermal stress (¢%) perpendicular to the hot face is approximately obtained using
nondimensional functions Hgiress; Hstrains Which are monotonously increasing functions.

U'hzmza E- T{Cx 'Hsbress (d/l/kt) +Cy 'Hstrain (b/l/E)}
Here, « : Thermal expansion coefficient, E : Young’s Modulus, 7" : Temperature of hot face, a, b : widths
of hot face, k£ : thermal diffusivity, ¢ : elapsed time, {5, {,: parameters representing external constrains.

Through this Eq. effects of sizes, heating condition, external constraints on the thermal spalling can be
obtained quantitatively. It also explains the experimental results fairly well.
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Table 1. Specimen size and heating condition for -

numerical calculations.

Size(a) Size(b) Size(c) Heating rate Temp. at hot
(mm) (mm) (mm) (°C/h) face (°C)
25~-250 25~250 250~ 500 33~500 0~800

Table 2. Properties of test specimens.’. A

Properties

Refractoriness (S.K) 34
Porosity (%) 12.5
Specific Gravity 2.3
Thermal Expansion at 1000°C 6.5x10-3
Young’s Modulus at R.T. (kgf/mm?) abot 4600

Poisson’s Ratio 0.15

Thermal Diffusivity (m2/h) 2.6X10-3 -
Al,O3 43.1
Chemical Composition SiO, 55.9
(wt%) Fe,O3 1.0

g
NN

Heating direction

Fig. 1. Finite element grid for 3 dimensional thermal
stress analysis. Only 1/4 of the whole block is analyzed.

ax A % = 500°C/h
% H A = 266°C/h
% 2.0 / ® ¢ = 133°C/h
: AW
K IL- O ¢ = 33°C/h
- Heating direction
g;.o- . a
a A a
®
0.0 Vo) : i 9\ A 1
: 50 90
x (mm)

.Fig. 2. Thermal stress distribution (¢2) along the
line (y=0, z=55mm) when heated from one end
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- Fig. 3. Thermal stress distribution (¢z) along
- -Z-axis when heated from one end (Z=0).
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Fig. 4. Thermal stress distribution (6x) along
Z-axis when heated from one end (Z=0)
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Fig. 5. Thermal stress distribution (¢x) along the
lirie ( =0, 2=>55) when heated from one end (z=0).
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Fig. 6. Comparison between thermal stress distri-
bution (0z) obtained by 3-dim F.E. M. and sum
of two 2-dim F. E. M., solutions, (a=180, $=100,
¢=250 mm)
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Fig. 7. Comparison between thermals tress distribution
(02) obtained by 3-dim F.E.M. and sum of two
2-dim F.E. M. solutions. (a=100, $=90, ¢=250).
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Fig. 9. Effects of width and length of a brick
on nondimensional thermal stress distribution
(Gz stress).
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Table 3. Comparison between maximum value of &, calculated by 3-dim F.E.M. and
¢ sum of 2 functions (Hgtrainy and Hgrress)-
No. 1 2 3 4 5 6 7 8 9
=t 2.76 1.53 2.02 1.12 1.42 0.79 1.68 1.68 2.80
\/lcl
B=—p 1.53 1.38 1.12 1.01 0.79 0.71 0.56 0.28 2.80
S Vel
o ———— 3.84 2.80 2.80 2.80 1.98 1.98 2,80  2.80 2.80
1/1:!
Hgrran(4) 0.043 0.038 -0.029 0.026 0.018 0.015 0.011 0.004 0.058
Hgrnpss(B) 0.059 0.037 0.046 0.025 0.032 0.015 0.040 0.040 0.050
Hgrram(A)+ 0.102 0.075 0.075 0.051 0.050 0.030 0.051 0.04¢  0.108
strEss (B
Sol. by 0.098 0.071 0.07¢ 0.048 0.049 0.030 0.049 0.044 0.108
3-dim FEM )
THE? SRR INCHAR, WROEBETENT Fig. 13 1%, o X 5 i EHESIH 0 Ko flE» 5
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12. Effect of Young’s Modulus of cement on
the compressive stress (¢3) along the side of a
brick heated from one end with rigid constraint
perpendicular to the hot face. :
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0.08
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Fig. 13. Effect of constraint on ¢%. The solid sy-
mbol (¢=266°C/h) and the blank symbol (¢=
133°C/h) represent ¢}¥/a-E-T as the function of
constraint parameter { Point A (c) corresponds
to the case without constraint, Point B (D) corres-
ponds to the case with rigid constraint from X
direction and without constraint from y direction.
The origin corresponds to the case with rigid
constraint both from X and Y directions,
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Fig. 14. Experimental apparatus used for thermal
spalling tests.
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Fig. 15. Cracks on the horizontal center
plane of tested specimens.
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Fig. 16. Comparison between critical spalling curve
estimated theoretically and experimental data.
solid symbol represents the occurrence of crack and
blank symbol represents no occurrence.
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Fig. 17. Comparison between 6z calculated by
3-dim F.E.M., that by Kienow’s Eq. and that
by presented Eq. (14).
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