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Abstract

Long nozzle is an important component for non-oxidating cast-
ing of steel. High stress in the neck of the long nozzle is a major
cause of fracture of the neck. In this paper, the thermal and
mechanical stresses were calculated by finite element method
under working conditions and vibration normalized to the casting
direction. Also, the influencing factors of thermal stress and
decreasing stress measures have been studied. Calculation results
indicate thermal stress is the main portion in total stress, and
increasing the non-contact length on the inner-upper surface of the
nozzle can decrease the stress in the neck effectively. Increasing
the non-contact length can be accomplished by installing heat insu-
lating material on the inner-upper surface or expanding the inner
diameter of the nozzle.

Key words: long nozzle, thermomechanical stress, finite ele-
ment, neck

1. INTRODUCTION

Recently, to improve the quality of the continuous casting pallet
board, some techniques including non-oxidation casting, which
can effectively prevent liquid steel from secondary oxidation and
decrease impurities in the steel, have been adopted. In the non-oxi-
dating casting technique, the long nozzle is an important compo-
nent. However, high thermal stress, due to thermal impact and
mechanical stress resulting from vibration of the long nozzle dur-
ing casting, is often generated in the neck, which results in crack-
ing, therefore, it is essential to study the thermomechanical stress
of long nozzle under working conditions.

In this paper, using the finite element method, the thermal and
mechanical stresses have been calculated. Also, the influencing
factors of thermomechanical stress and decreasing stress measures
have been studied. The results of this study may bring insight dur-
ing the design of the long nozzle to minimize the damage in the
neck.

2. THERMAL STRESS AND ITS INFLUENCING
FACTORS

2.1. Model for calculation

Figure 1 is the section illustration of the long nozzle. The geo-
metrical modeling of the long nozzle employs a finite-element
modeling technique. In FEM, when an object is symmetric in all
respects (geometry, loads, constraints, and material properties),
one can often take advantage of that fact to reduce the size and
scope of the model. The long nozzle that displays geometric sym-
metry about the central axis is an axisymmetric structure, which

steel

Figure 1. Section of long nozzle.

may be represented in equivalent 2-D form. When only thermal
stress is calculated, the long nozzle is symmetrical in all respects.
Thus, a section of long nozzle is required for modeling. The mate-
rial properties of long nozzle for calculation are listed in Table 1.

2.2. Thermal boundary conditions

During casting, the inner surface of the long nozzle (FG part in
Figure 1) contacts the liquid steel while the outer surface of long
nozzle (DE part in Figure 1) is air-cooled. Therefore, the tempera-
ture time dependent load is directly applied to the inner surface. In
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Tahle 1. Material properties for caleulation.

Tahle 2. Effect of different impact finves.

Thermal conductivity {w'm-E ) 15.14
Specific heat (k) kg-K) 1.0
Bulk density (kg'm’) 2350
Modulus of elasticiy (GPad a2
Poisson’s ratio i3
Thermal expansion (%) 037

order to simulate the thermal impact during the beginning stage of
casting, it is assumed that the temperature of the inner surface of
the long nozzle increases sharply from the preheating temperature
to the temperature 1530°C of molten steel in a short time, which is
called thermal impact time, and then remains constant. On the
other hand, the heat exchange between the long nozzle and atmos-
phere is convection whose coefficient is 58 w/m*K with the air
temperature of 50°C.

2.3. Mechanical boundary condition

Since the long nozzle is fixed with the lower nozzle of ladle at the
HG section in Figure 1 by the holding implement in the neck (BC
part in Figure 1), the perpendicular directions of the HG and BC
section are restricted in displacement when the thermal stress is
calculated.

2.4. Influencing factors of thermal stress
2.4.1. Effect of thermal impact time

Thermal stress, which is generated in the long nozzle, is investi-
gated at selected thermal impact times of Os (temperature of inner
surface increasing instantaneously to molten steel temperature at
the start of casting), 3s, 5s and 10s. Because the neck is the stress
concentration zone, the stress of D point in Figure 1 is selected to
study the influence of the thermal impact time.

The peak values of axial and circumferential stress of D point and
times of reaching peak values are listed in Table 2.

Based on the data shown in Table 2, it can be concluded that the
thermal impact times barely change the peak stress no matter the
axial or circumferential stress, but it can influence the time of
reaching peak values. The longer the thermal impact time, the
longer the time required for stresses to increase to the peak values.
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Figure 2. Stress variation at D point for an instantaneous
increase from the preheat to the steel temperature (Zero-
second thermal impact).

Thermal Axial siress Circumiferential stress
impaet dme | timels) vitlue Liftie] &) value
(MPa) i{MPa)
0 285 4.1 235 1407
3 9.7 4.16 24.7 3445
A 31K 4.155 268 3497
10 33.7 4149 28.7 3.483

So, one can predict that the thermal impact time does not effect the
calculation results when only the strength is considered, because
the time of reaching peak stress does not determine the service life
of the long nozzle.

Figure 2 is the stress variation of D point against time with the
thermal impact time of 0 second. As shown in Figure 2, the stress-
es increase rapidly to the peaks, which are about 4.1 and 3.5 MPa
for the axial and circumferential stress respectively, then decrease
much slower and reach the steady-state values around 300s after
casting. The steady-state value of the axial stress is about 1.72
MPa while the circumferential stress is about 1 MPa. It is obvious
that the peak stresses due to thermal impact are 2 to 4 times steady-
state stress. Some steps should be taken in decreasing its effect
because it is harmful to the long nozzle.

2.4.2. Effect of preheating temperature

Generally, preheating is used for reducing thermal stress because
it can decrease the temperature gradient throughout the long noz-
zle. The thermal stresses have been calculated using selected pre-
heating temperatures of 30°C (no-preheating), 300°C, 600°C and
800°C. The peak stresses of D point with different preheating tem-
peratures are listed in Table 3.

Compared with the thermal stress under no-preheating, the axial
peak stress reduced 17.13%, 30.28%, 38.6% and the circumferen-
tial peak stress reduced 17.06%, 33.18%, 44.07% respectively
with the preheating temperatures of 300°C, 600°C, 800°C. It can
be concluded increasing the preheating temperature can reduce the
influence of thermal impact effectively.

2.4.3. Effect of thermal conductivity

Using the same boundary conditions and preheating temperature
(300°C), the thermal stresses have been calculated at selected ther-
mal conductivity of 5 w/m'K, 18.14 w/m'K, 30 w/m'K and 50
w/mK.

Figures 3 and 4 show the stress of D point varying with time for
different thermal conductivity. From the two figures, one can find
that all peak stresses, axial or circumferential, vary little with ther-
mal conductivity, but the times of reaching peak values and steady-
state stresses are related to it. The higher the thermal conductivity,
the earlier the peak stresses appear, the shorter the stresses remain
high and the more thermal impact the long nozzle withstands. In

Table 3. Effect of different preheating temperatures to the
Pt-all. shress of I]']_minr | Fero-second thermal |'||:|1|u1.'l.].
Preheating Circumierential

Asiial sress (W
lEmperalun: L kial siness | '} stress (b Pa)

Mo=preleal 1 4.2
300 4.16 3.50
i} 1.50 282
R 3.08 236
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Figure 3. Axial stress of D point with different thermal con-
ductivity.

this case, the long nozzle material must have the ability to resist
heat shock.

The lower the thermal conductivity, the later the peak stresses
appear, the longer the stresses remain high and the slower the
stresses decrease with time. This requires the material of the long
nozzle to have high strength. Therefore, the excellent anti-heat
shock ability and high strength should be considered together
when selecting thermal conductivity of the long nozzle. The cal-
culation results show that the existing thermal conductivity (18.14
w/m-K) of the long nozzle is appropriate, because it is a compro-
mise between the excellent anti-heat shock ability and high
strength.

3. MECHANICAL STRESS UNDER VIBRATION

The upper part of long nozzle is fixed while the lower part is free
under its working condition. During casting, the vibration generat-
ed is due to the impact of liquid steel flow to the inner surface,
which creates high stress in the neck of the long nozzle. In order
to simulate the effect of vibration, displacement is applied to the E
point in Figure 1. Because the stress in the neck is proportional to
the displacement, only the amplitude of displacement is consid-
ered to get the maximum stress.

Since the load from vibration is not symmetrical about the cen-
tral axis but about a plane, a 3-D model of one half of the long noz-
zle is modeled using the finite element method.

The mechanical boundary conditions are similar to those used
for calculating the thermal stress. Here, the HG and BC part in the
2-D model are used as turning surfaces formed by them in 3-D
model for boundary conditions.

For different displacements of 3mm, Smm and 6mm which are
applied to the E point, the mechanical stresses resulting from
vibration were calculated. Figure 5 shows the axial stress distribu-
tion with the displacement of Smm. As shown in the figure, the
maximum stress appears on the neck, which is 2.549 MPa. The
maximum stresses are 1.53 MPa and 3.059 MPa respectively,
while the displacements are 3 mm and 6 mm. It is obvious the
maximum axial stress is proportional to the displacement applied
to E point.

Figure 4. Circumferential stress of D point with different ther-
mal conductivity.

4. TOTAL STRESS

In order to study the influences of thermal and mechanical stress-
es on the total stress, the thermal and mechanical stresses have
been calculated using the same boundary conditions described
above, under the conditions that the preheating temperature is
300°C, thermal impact time is 3s and displacement of E point is 5
mm. Because the vibration mainly generates the axial stress and the
axial stress resulting from thermal impact is higher than the cir-
cumferential stress, only the total axial stress is studied.

Figure 6 shows the variations of the thermal stress, mechanical
stress and total stress with the distance from the neck of the long
nozzle (CDE part in Figure 1), when the thermal stress in the neck
reaches the peak. It is concluded that thermal stress is the main
cause of cracking in the long nozzle, because the thermal stress is
the major portion of the total stress while the mechanical stress
under vibration is smaller.

5. MEASURES OF DECREASING STRESS

Because the mechanical stress distribution under vibration is not
changed and if the installation style remains unchanged, only
decreasing thermal stress or changing its distribution to avoid the
peaks overlapping can reduce the total stress. In general, increasing
the preheating temperature and changing the thermal boundary
condition are the effective ways to reduce the total stress. The for-
mer has been described above. Here, the thermal boundary condi-
tion of the inner surface has been changed through modifying the
length of the non-contact with the steel.

Using the same thermal boundary condition of the exterior sur-
face, the thermal stress distributions have been calculated with the
length of the non-contact with the steel (GG’ part in Figure 1) of 0,
20, 62, 85 and 124 mm.

5.1 Effect on stress distribution in space

Figure 7 and 8 show the variation of thermal stress with the dis-
tance from the neck along the exterior surface at the moment of
stress in the neck reaching its peak. As shown in Figure 7 and 8, the
position and value of peak total stress vary little with the length of
non-contact stress with the steel, but the trends from the neck to
the position of peak are different. There is a large zone, from the
neck (C point) to the peak stress point, which almost equals the
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Figure 7. Stress on the exterior surface with different the
length of non-contact with steel.
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Figure 6. Stress on the exterior surface.

maximum if the length of non-contact with the steel is small;
whereas, the thermal stress is high only in a small zone if the length
is larger. Therefore, increasing the length of non-contact with the
steel can effectively reduce the area of zone with high stress.

5.2 Effect on stress distribution in time

The variation of axial stress of D point with time is shown in
Figure 9 for different lengths of non-contact with the steel. From
the figure, one can find that the peak stresses are similar with dif-
ferent lengths, but the stress is high in a long time with the length
of 0 and 20 mm while in a shorter time with the length of 62, 85
and 124 mm. Thus, increasing the length can decrease the time of
the stress with a high value.

It is obvious that increasing the length of non-contact with the
steel not only can reduce the area of the zone with high stress, but
can also decrease the time of the stress with a high value.
Increasing the non-contact length can be accomplished by
installing heat insulating material on the inner-upper surface or
extending the inner diameter of the nozzle.
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Figure 8. Enlarged drawing of Figure 7.
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Figure 9. Stress of D point with different the length of non-
contact with steel.

6. CONCLUSIONS

Using the finite element method, thermal stress under thermal
impact and mechanical stress under vibration have been calculated.
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Also the influencing factors of thermal stress and decreasing stress measures have been studied.
The following conclusions are based on these results:

o thermal stress is the major portion of the total stress;
¢ time of thermal shock does not affect the peak stress;
¢ increasing preheating temperature can decrease the peak stress;

e different thermal conductivity of refractory can not change the value of peak stress but
can change the rate of variation of stresses;

e increasing the non-contact length on the inner-upper surface of the nozzle can decrease
the stress in the neck effectively;

¢ increasing the non-contact length can be accomplished by installing heat insulating
material on inner-upper surface or extending inner diameter of the nozzle.
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